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Supplementary Notes

Supplementary Note 1. Sectional temperature distribution of interlayer heating

mechanism.

-L

Figure 1-1. Schematic of cross-section temperature distribution when there is a uniform internal
heat source in the plate.
As shown as Figure 1-1, for the plate, when there is a uniform internal heat source, the

steady-state heat conduction equation is:

d*T q

dx?  k
where q is the volume heat flux density, k is the thermal conductivity of the material, T is
the temperature, and x is the spatial coordinate.

The heat flux gradient is obtained by integrating the above equation once:
f——dx = ——x + ¢

Due to the uniform plate structure and internal heat source, the temperature distribution is

symmetrical about the center x = 0. Therefore, at x = 0, the heat flux gradient is zero:
daT 0

Substitute into the equation:

Therefore, the equation is simplified as:
ar — q
dx Kk
By reintegrating the simplified equation, the temperature distribution is obtained:
q x?
T(x)=| ——xdx=——-—+C
(x) = j xdx === + G,
At the center point x = 0, the temperature is defined as T¢epter:

1



T(0) = Tcenter
Substitute into the equation:

q
T(O) = _ﬁ. 0® + CZ = CZ - CZ = Tcenter

Therefore, the temperature distribution is:

q
T(x) = Teenter — ﬁxz

The final formula is:
.,
2k

We plotted the derived formula and found that temperature varies parabolically with the

T(x) = Teepter — — X%, —L < x < L

distance from the heat source (Figure 1-2). This further theoretically clarifies the origin of the

parabolic temperature distribution inherent to the interlayer heating mechanism.

T(x)

A

center

2
T(X) = 7::enter _%

4. 0 L

Figure 1-2. The temperature curve deduced according to the formula.

Supplementary Note 2. Preparation of p-rGO ink and p-rGO/WC ink

GO aqueous solution (2 mg-mL™") was synthesized via the modified Hummers method.
Subsequently, the GO solution was reduced using ascorbic acid solution (80 mg-mL™") at 70 °C
for 30 min. The p-rGO ink was obtained after suction filtration. p-rGO/WC inks were
formulated by combining varying mass ratios of WC NPs, with rGO to WC NPs ratios set at
1:1, 1:2, and 1:3, respectively. All inks were thoroughly homogenized using a high-shear

homogenizer.



Supplementary Note 3. Calculation of apparent heat loss

Heat loss consists of three parts: heat conduction loss, heat convection loss, and heat
radiation loss.
3.1 Apparent heat conduction loss

The apparent conduction heat loss refers to the heat loss between the evaporator and the bulk

brine. It was calculated according to the following equation.
C-m-AT
S-t

where P.,, is the energy of apparent heat conduction loss. € denotes the specific heat

Peon =

capacity of bulk water (4.18 kJ-kg!-K'!), m represents the weight of bulk brine, and AT =
T, —T;, T, is the temperature of the bulk brine when the evaporator evaporates stably, T; is
the initial temperature of bulk brine. S is the projection area of the container, and ¢ is the test
time.
3.2 Apparent heat convection loss

Apparent convection heat loss refers to the heat loss caused by natural convection between
the evaporator and the environment. It is calculated by the Newtonian cooling formula.

Peony = h - AT

where P.,,y 1S the energy of the apparent convection heat loss. h denotes the convection heat
transfer coefficient (5 W-m2-K!).! AT =T, — T, T, is the average temperature of the EI
when the evaporator evaporates stably, and T,, is the ambient temperature.
3.3 Apparent heat radiation loss

Apparent radiant heat loss refers to the heat loss caused by heat radiation between the
evaporator and the environment. It is calculated by Stefan-Boltzmann’s law.

Prog = €0 (T¢ = T3H)

where P.,q4 is the energy of the apparent radiation heat loss. € represents the emissivity of the
solar absorber (€ ~ 1) and o represents the Stefan-Boltzmann constant (5.67x10° W-m2-K"
), T, is the average temperature of the EI when the evaporator evaporates stably, and Ty, is

the ambient temperature.



Supplementary Note 4. Calculation of apparent energy efficiency of IEE and solar-
operated IEE

The IEE achieved an apparent energy efficiency of up to 93.31% under a coupled input of
20 kW-m™ solar irradiation and an applied voltage of 1.5 V. This key performance metric,
defined as the ratio of the energy consumed for water evaporation to the total energy input per
unit projected area, is calculated via the formula below, following a standardized calculation

method widely adopted in previous literature: >

_ m:- [Cliquid ' (Tl - TO) + Ahvapor]

Pelectricty t Psolar
where 7 is apparent energy efficiency (%), m is evaporation rate (kg'm>-h''), Cliquia 18
specific heat capacity of water (4.18 kJ-kg'!"-K'!), T, is the steady-state temperature of the
evaporation interface (K), T, is the initial temperature of the evaporation interface (K),

Ahyapor 1s latent heat of vaporization (kJ kg™, Pejectricty 18 the electrical input (kW-m),

Pyo1ar is the solar energy input (kW-m). Among them, Ciiquia * (T1 — To) is the sensible heat

of vapor.

The latent heat of vaporization is calculated as follow:*?

Ahyapor = Ciiquid * (373.15 — Ty) + Ahygg + Cyapor * (T1 — 373.15)

where Ahy,por 18 latent heat of vaporization (kJ kg™, Giiquia 1s specific heat capacity of

water (4.18 kJ-kg!-K™!), T, is the steady-state temperature of the evaporation interface (K),
Ahygo is the latent heat of water at 100 °C (373.15 K, taken to be 2260 kJ-kg™!), and the Cyapor
is the specific heat capacity of vapor (1.865 kJ-kg™!-K™1).

For IEE at an applied voltage of 1.5V, T; = 343.65 K, Ty = 295.65K, Ahyzpor = 4.18 -

(373.15 — 343.65) + 2260 + 1.865 - (343.65 — 373.15) = 2328.29 kJ-kg', and the

apparent energy efficiency is calculated as:

_51.04/3600 - [4.18 - (343.65 — 295.65) + 2328.29]
N 56.95 + 0

n = 62.96%



For solar-operated IEE under 20 kW-m™ illumination and an applied voltage of 1.5V, T; =

363.05 K, Top=29495 K, Ahyuper =4.18-(373.15—363.05) + 2260 + 1.865 -

(363.05 — 373.15) = 2283.38 kJ-kg'!, and the apparent energy efficiency is calculated as:

_100.66/3600 - [4.18 - (363.05 — 294.95) + 2283.38]
= 56.95 + 20
Using the above standardized calculation method, the apparent energy efficiencies of the

=93.31%

IEE and solar-operated IEE are 62.96% and 93.31%, respectively. Among them, the calculation
parameters of IEE are: Electrical input is 56.95 kW-m™, solar irradiation is 0 kW-m™, latent
heat of the vaporization is 2328.29 kJ/kg!, and sensible heat of the vapor is 200.64 kJ/kg™'. For
the solar-operated IEE, the corresponding calculation parameters are: Electrical input is 56.95
kW-m2, solar irradiation is 20 kW-m2, latent heat of the vaporization is 2283.38 kJ/kg™!, and
sensible heat of the vapor is 284.66 kJ/kg™!. Since the evaporation interface temperatures of the
both evaporators are higher than the ambient temperature, there is no input contribution of
environmental heat. All the results are summarized in Table 4-1.

Table 4-1. Calculation data of apparent energy efficiency

Solar

Evaporation Latent Sensible  Electrical o Apparent
. irradiation
Sample rate heat heat input ot energy
inpu
(kgm2h!)  (Jkel)  (Jkgl)  (kKW-m?) P efficiency (%)
(kW-m?)
IEE 51.04 2328.29 200.64 56.95 0 62.96
Solar-operated IEE 100.66 2283.38 284.66 56.95 20 93.31

The relatively high apparent energy efficiency of the solar-operated IEE arises from its 3D
evaporation interface, which provides a larger effective evaporation area within its hierarchical
porous structure.®” This phenomenon has been widely reported in previous 3D photothermal
evaporation studies, contributes directly to the high solar-to-vapor efficiency.®®? Importantly,
the calculation method based on projected area is the universally accepted standard in the
interfacial photothermal evaporation field, which ensures a direct comparison of performance
between different evaporation systems with various structures and dimensions. Using this
standardized metric, the solar-operated IEE also maintains excellent evaporation performance

under real-world outdoor operating conditions.



Supplementary Note 5. Energy analysis of solar-operated IEE
We conducted an energy analysis for the solar-operated IEE, with the energy balance

equation given as follows:
Pevaporation + Popt + Pconduction + Pradiation + Pconvection + Pwire = Felectricity + Psolar
The external input energy of solar-operated IEE includes electrical input (Pejectricity) and

solar irradiation input ( Py - ). The energy budget of the system includes not only the

evaporation energy (Peyaporation) Utilized by solar-operated IEE, but also various losses such

as optical loss (P,p¢), apparent heat conduction 10ss (Ponduction)> apparent heat radiation loss
(Pradiation)» apparent heat convection 1oss (Pconvection)> and Joule heat loss in the connecting
wires (Pyire)-
The Pejectricity Of the solar-operated IEE is 56.95 kW-m?, and the P, of the solar-
operated IEE is 20 kW-m™. The latent heat of vaporization is calculated as follow:
Ahyapor = Ciiquid * (373.15 — Ty) + Ahqgg + Cyapor * (T1 — 373.15)
= 4.18-(373.15 — 363.05) + 2260 + 1.865 - (363.05 — 373.15)
= 2283.38Kk] - kg !
where Ahy,por 1s latent heat of vaporization (kJ kg™, Giiquia 1s specific heat capacity of
water (4.18 kJ-kg!-K™!), T, is the steady-state temperature of the evaporation interface (K),
Ahqgo is the latent heat of water at 100 °C (373.15 K, taken to be 2260 kJ-kg™!), and the Cyapor
is the specific heat capacity of vapor (1.865 kJ-kg™!-K™1).
Further, the calculation formula of Peyaporation 18 as follows:

Pevaporation =m:- [Cliquid ' (Tl - TO) + Ahvapor]

100.66
= 3600 [4.18 - (363.05 — 294.95) + 2283.38] = 71.81 kW - m ™2

where 71 is evaporation rate (kg-m2-h), Giiquia 1s specific heat capacity of water (4.18
kJ-kg!-K"), T, is the steady-state temperature of the evaporation interface (K), T, is the

initial temperature of the evaporation interface (K), Ahy,por is latent heat of vaporization



(kJ-kg"), Among them, Cyquia-(T1 —To) is the sensible heat of vapor, m - Clquiq
(T; — Ty) is the utilization of sensible heat, and 711 - Ahy,per is the utilization of latent heat.
The calculation formula of Py is as follows:

Popt = Psolar(1 — @) = 20+ (100 — 98.29)/100 = 0.34 kW - m >

where Py, is input of solar energy (kW-m™), and a is the solar absorption of IEE.

The calculation formula of P.ypquction 1 s follows:
p _cmAT  4.18-92.30-1.6
conduction = “p ¢ — ™ 3600 - 0.0018 - 1000

where ¢ is the specific heat capacity of liquid water (J-g'-K™!), m is the mass of the bulk

= 0.10 kW -m™2

brine (g), AT is the temperature change of the bulk brine (K), AT =T; —T,, T; is the
temperature of the bulk brine when the solar evaporator is stably evaporating (K), T, is the
initial temperature of the bulk brine (K), h is the test time (s), and S; is the projection area
of the test container (m?).

The calculation formula of P, giation 15 @s follows:
Pradgiation = €0(Ttop* — Tm*) = 1-5.67 - 1078 - (363.05* — 299.75%)/1000
= 0.53kW-m™?
where € is the emissivity of the solar evaporator, o is the Stefan-Boltzmann constant
(5.67x10 W-m2-K*), Tiop 1s the average temperature of the evaporation interface during the

stable evaporation of the solar evaporator (K), Ty, is the ambient temperature (K).

The calculation formula of P.ypyection 1S as follows:

Peonvection = Ro(Trop — Tm) = 5 - (363.05 — 299.75)/1000 = 0.32 kW - m~2
where h, is the convective heat transfer coefficient (5 W-m2-K!), Tiop is the average

temperature of the evaporation interface when the solar evaporator is stably evaporated (K),
T, 1s the ambient temperature (K).

The calculation formula of P is as follows:
I’R B 9.72%-0.048

Pyire = — = = 227 kW -m™2
wire = 70 "= 0.002 - 1000 m




where [ is the input current (A), R is the resistance of the wire (£), and S, is the projection
area of the wire (m?).

The calculation parameters of IEE are as follows: electrical input, 56.95 kW-m; solar
irradiation, 20 kW-m2; optical loss, 0.34 kW-m%; apparent heat conduction loss, 0.10 kW -m"
2; apparent heat radiation loss, 0.53 kW-m; apparent heat convection loss, 0.32 kW-m™; and
Joule heat loss in wires, 2.27 kW-m™. All calculations are performed with values rounded to
two decimal places. The results are summarized in Table 5-1.

Table 5-1. Calculation data of energy input and energy output for solar-operated IEE

) Solar ) Joule heat
Electrical Optical Apparent heat ~ Apparent heat ~ Apparent heat
irradiation | Evaporation . . loss in
input loss conduction loss  radiation loss convection
input (kW-m?) wires
(kW-m2) (kW-m2) (kW-m2) (kW-m2) loss (kW-m)
(kW-m?) (kW-m?)
56.95 20 71.81 0.34 0.10 0.53 0.32 227

The energy input of the solar-operated IEE, comprising electrical input and solar irradiation,
is quantified at 76.95 kW-m™. Correspondingly, the energy output of the solar-operated IEE
including evaporation, optical loss, heat conduction loss, heat radiation loss, heat convection
loss, and Joule heat loss in wires, is 75.37 kW-m™. The calculated results of solar-operated IEE
exhibit remarkable consistency between energy input and output within the experimental error
range. Furthermore, the closed energy balance clearly demonstrates that the reported ultrahigh
evaporation rate of solar-operated IEE is fully sustainable under the specified operating

conditions.



Supplementary Note 6. Calculation of energy utilization efficiency of solar-operated IEE

The energy budget of the system includes not only the evaporation energy (Qevaporation)

utilized by solar-operated IEE, but also various losses such as optical loss (Qopt), heat

conduction 10ss (Qconduction)> heat radiation 1oss (Qradiation )> h€at convection 10ss (Qconvection)s
and Joule heat loss in the connecting wires (Qyire). The energy balance equation for the IEE

in the photothermal-electrothermal co-evaporation can be expressed as:

Qevaporation + Qopt+Qconduction + Qradiation + Qconvection + Qwire - Qsolar + Qelectricity

The heat loss is deducted from the total input energy to derive the effective energy utilized
for water evaporation, thereby enabling the calculation of the corresponding energy utilization

efficiency (n).

_ Qsolar + Qelectricity - Qopt - Qconduction - Qradiation - Qconvection - Qwire

Qelectricity + Qsolar

The Qelectricity 18 14.58 W, and the calculation formula of Qg4 18 as follows:
Qsolar = Psolar * Sproj = 20000 - 0.000256 = 5.12 W
where Pggpar is power density of solar energy (W-m™), and Sproj 18 the top projected area of
IEE (m?).

The calculation formula of Qgp is as follows:'°

Qopt = Osolar(1 —a) =5.12- (1 - 0.9829) = 0.09 W

where Qgo1ar 1S input of solar energy (W), and « is the solar absorption of IEE.

The calculation formula of Qonduction iS as follows:!°

cmAT
Qconduction = n =4.18-92.30-1.6/3600 = 0.17W

where c is the specific heat capacity of liquid water (J-g'-K!), m is the mass of the bulk
brine (g), AT is the temperature change of the bulk brine (K), AT =T; —T,, T; is the
temperature of the bulk brine when the solar evaporator is stably evaporating (K), T, is the
initial temperature of the bulk brine (K), and h is the test time (s).

The calculation formula of Qyagiation 1S as follows:!°

9



Qradiation = 6-0-[(Ttop4 - Tm4) 'Sproj + (Tlateral4 - Tm4) 'Slateral]

(363.05% — 299.75%) - 0.000256
+(354.75% — 299.75%) - 0.000384

where € is the emissivity of the solar evaporator, o is the Stefan-Boltzmann constant

=1-5.67-1O_8-[ ]=O.30W

(5.67x108 W-m2-K*#), Tiop 1s the average temperature of the top evaporation interface during
the stable evaporation of the solar evaporator (K), Tjatera1 1S the average temperature of the
lateral evaporation interface during the stable evaporation of the solar evaporator (K), T, is
the ambient temperature (K), Spro; 18 the top projected area of IEE (m?), and Sjaera; is the

lateral area of IEE (m?).

The calculation formula of Q.onvection iS as follows:!°

Qconvection = hO [(Ttop - Tm) ' Sproj + (Tlateral - Tm) ' Slateral]

_c. [ (363.05 — 299.75) - 0.000256

+(354.75 — 299.75) - 0.000384 =0.19W

where h, is the convective heat transfer coefficient (5 W-m?2-K™), Tiop is the average
temperature of the evaporation interface when the solar evaporator is stably evaporated (K),
Taterar 1 the average temperature of the lateral evaporation interface during the stable
evaporation of the solar evaporator (K), Ty, is the ambient temperature (K), Sp,ro; 18 the top
projected area of IEE (m?), and Sjutera; is the lateral area of IEE (m?).
The calculation formula of Qe is as follows:
Qwire = I?°R = 9.722-0.048 = 453 W
where [ is the input current and R is the resistance of the wire ({2).

The calculation of 7 is as follows:

_ Qsolar + Qelectricity - Qopt - Qconduction - Qradiation - Qconvection - Qwire

Qelectricity + Qsolar

_ 512+ 14.58 - 0.09 — 0.17 — 0.30 — 0.19 — 4.53
N 5.12 + 14.58

Using the above calculation formula, the actual energy utilization efficiency of the solar-

=73.20%

operated IEE is calculated to be 73.20%, far exceeding the <20% efficiency of conventional
electrothermal evaporators, demonstrating the superior heat utilization capability of the solar-

operated IEE. The calculation parameters of IEE are as follows: electrical input, 14.58 W; solar
10



irradiation, 5.12 W; optical loss, 0.09 W; heat conduction loss, 0.17 W; heat radiation loss, 0.30
W; heat convection loss, 0.19 W; and Joule heat loss in wires, 4.53 W. The results are
summarized in Table 6-1.

Table 6-1. Calculation data of energy utilization efficiency

Joule Energy
Optical Heat Heat Heat Electrical Solar
heat loss utilization
Sample loss conduction radiation convection input irradiation
in wires efficiency
W) loss (W) loss (W) loss (W) W) (W)
(W) (%)
Solar-operated
0.09 0.17 0.3 0.19 4.53 14.58 5.12 73.20

IEE

Supplementary Note 7. Theoretical calculation
In this project, the current, laminar flow, heat transfer, and water transport modules in
COMSOL are used for coupling calculation respectively.

The current model is solved based on the following equations:
V-] = Qj,v

aD
]=O'E+E+]e

E=-Vv
where | is the current density, Qjy is the volume charge density, o represents the

conductivity of the material, E represents the electric field strength, D is the electric
displacement field, t is the time, J, is the extra current source term, and v is the electric
potential.

Laminar flow module:

2—1:+ plu-VYu=V-[-pl +u(Vu+ (Vu)T] + F + pg
where p is the material density, u is the space fluid velocity field, t is the time, p is the
fluid pressure, I is the unit tensor matrix, F 1is the applied volume force, T represents the
transpose, the transpose operation is performed on the velocity gradient tensor, g is the

gravitational acceleration, and p is the dynamic viscosity.

Heat transfer module:

oT
pCpE+pCpu-VT+V-q=Q+Qp+de

11



q = —kVT
where p is the material density, C}, is material specific heat capacity, u is space fluid
velocity field, T is temperature, t is the time, q is heat flux, Q is generalized heat source

power, @, is phase change heat source power, Qyq is water vapor condensation heat source

power, k is material thermal conductivity.

Moisture transport module:
aC,
MV—t+MVu-VcV+V-gW =G

Cy = BwCsat

. acy . .
where M, is the molar mass of water, a—t" is the change rate of water vapor concentration

with time, u is the spatial fluid velocity field, c, isthe vapor concentration, g, isthe water
vapor flux, G is the water vapor source, @,, is the relative humidity, Cg,. is the saturated

concentration of water vapor.

Supplementary Note 8. Calculation of rejection

The calculation formula is presented below:!!!2

Ci — Ct
G

where R is the rejection (%), C; is the initial ion concentration of Bohai seawater (mg-L™),

R = +100%

and C; is the ion concentration of produced freshwater (mg-L™).

Supplementary Note 9. Measurement of salt transport flux

In the salt transport flux measurement process, the salt was first spread evenly on the EI.!3!4
Meanwhile, the IEE was dry, the salt transport area is S, and the salinity of the bulk brine is
C;. When the IEE comes into contact with the brine, start the timer. During time ¢, the salt at
the EI of the IEE continuously transfers salt into the bulk brine due to salt gradients and gravity.

At this time, the mass of the bulk brine is m, and the salinity of the bulk brine is C,. Therefore,

the formula for calculating the salt transport flux (J) of the IEE is as follows:
_ m(C; — Cy)
S-t

In this measurement, C;=3.5 wt% and t=5 min.

12



Supplementary Note 10. Measurement of water transport rate
The IEE was placed vertically in 3.5 wt% NacCl solution, and a piece of dust-free paper was
attached to its top EL.!>!6 The height of the evaporator above the brine is 1.8 cm. The water

transport rate was calculated by the following formula:

H
W=—
t
where W is the water transport rate (cm-s™!), H is the height of the IEE above the brine (cm),

and t is the wetting time of the dust-free paper at the EI (s).

Supplementary Note 11. Qutdoor experiments of solar-operated IEE

The Fresnel lens converges natural light into high-intensity illumination and irradiates the
evaporation interface of the IEE. Meanwhile, the solar cells convert solar energy into electrical
energy, which is transmitted to the IEE through connecting wires. When the Fresnel lens and
solar cell were integrated to IEE, the synergistic energy supply of solar energy and electrical
energy was realized. In terms of solar energy utilization, the concentrated light intensity by the
lens fluctuates to a certain extent owing to the variation in natural light intensity. Nevertheless,
the overall average light intensity remains approximately 20 kW-m™, with the specific
parameters presented in Supplementary Table 6. In terms of electric power supply, the
operating voltage of a single IEE is 1.5 V, and the total voltage required for twelve integrated
IEEs is 18 V. Accordingly, the solar cells with a combined output voltage exceeding 18 V, were

adopted to ensure the stable and continuous operation of the IEE outdoors.

13



Supplementary Note 12. Analysis of freshwater production process.

The vapor-to-water efficiency (ny_y) is calculated by the following formula:
F-p 6672-1

=W = T T 107.80

where F is the freshwater flux (L-m?2-h™"), p is the density of water (1 kg-L™!), and 7 is

= 61.89%

evaporation rate (kg'm?2-h’!). Without customized condensation structures for freshwater
harvesting, this vapor-to-water efficiency of 61.89% is comparable to the performance reported
in most literature.!”!® And we also calculated the condensation power (Peondensation) Of the
system.!” The condensation power is defined as the thermal power corresponding to latent heat
released by vapor phase change at the condensation interface, and can be determined by
multiplying the freshwater by the latent heat of vaporization. Among them, the latent heat of

vaporization is calculated as follow:
Ahvapor = Cllquld - (373.15 - Tl) + AthO + Cvapor b (Tl - 373.15)

= 4.18 - (373.15 — 363.05) + 2260 + 1.865 - (363.05 — 373.15)
= 2283.38Kk] - kg~?

where Ahy,por is latent heat of vaporization (kJ ‘kgh), Ciiquia 1s specific heat capacity of

water (4.18 kJ-kg-K!), T is the steady-state temperature of the evaporation interface (K),
Ah4oo is the latent heat of water at 100 °C (373.15 K, taken to be 2260 kJ-kg™!), and the Cvapor
is the specific heat capacity of vapor (1.865 kJ-kg!-K'!).

Accordingly, Peondensatio = F *p * Ahyapor = 66.72 - 1- 222 = 4232 kW - m ™2

where F is freshwater flux (L-m™2-h'), p is the density of water (1 kg-L!), and Ahyapor 18

latent heat of vaporization (kJ-kg™'). The total freshwater production efficiency (7rpp) is
defined as the heat of condensation compared to total energy input, which is calculated

according to the following formula:?°

=55%

n _ Pcondensation _ 42.32
TP Psolar + Pelectricity 20 +56.95

The total freshwater production efficiency of 55% is close to the evaporation-condensation

devices reported in the literature, confirming the rationality of ultrahigh evaporation rates

directly translate to high freshwater flux.?!-??
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In addition, we used a hygrometer to monitor internal humidity variations during the process
of freshwater production. The results show that humidity increases gradually with continued
evaporation and eventually stabilizes at approximately 89 % relative humidity (RH), which is
significantly below the saturation level of 100 %RH (Figure 12-1). This observation
demonstrates the establishment of a dynamic equilibrium between evaporation and
condensation within the evaporation-condensation configuration, enabling steady and

continuous freshwater production.

100

(o]
o

(0]
o

Humidity (%RH)
~
o

(o)}
o

0 100 200 300 400 500
Time (min)

Figure 12-1. Humidity changes within the evaporation-condensation configuration.
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Supplementary Figures

Supplementary Figure 1. Schematic of the IEE composed of different components.
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Supplementary Figure 2. Infrared thermal images of different metal meshes at 0.5 V.
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Supplementary Figure 3. Characterization of the TiG mesh. (a) XRD pattern of TiG mesh.

Water contact angle of the TiG mesh (b) before and (c) after O-plasma treatment.
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Supplementary Figure 4. Infrared thermal images of the TiG mesh with electrode (a) at the

top, (b) at the middle, (c) at the bottom, and (d) at the diagonal with voltage of 0.5 V.
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Supplementary Figure 5. Electrothermal properties of TiG mesh. (a) Temperature changes of

the TiG mesh under different input voltages. (b) Infrared images of the TiG mesh under

different input voltages.
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Supplementary Figure 6. Fabrication and characterization of the rGO TC. (a) Schematic of

the 3D-printed TC using the p-rGO ink. (b) Apparent viscosity as a function of shear rate for

the p-rGO ink. (¢) Storage modulus (G’) and loss modulus (G") as a function of shear stress for

the p-rGO ink. (d) SEM images of the rGO TC at different magnifications. Water contact angle

of the rGO TC (e) before and (f) after O-plasma treatment. (g) Thermal conductivity of the rGO

TC. The data represent mean values + SD (n =3 independent experimental replicates).
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Supplementary Figure 7. Fabrication of the rGO-WC EI. (a) Schematic of the 3D-printed EI
using the p-rGO/WC ink. (b) Apparent viscosity as a function of shear rate for the p-rGO/WC
ink with different WC NPs ratios. (c¢) Storage modulus (G’) and loss modulus (G") as a function

of shear stress for the p-rGO/WC ink with different WC NPs ratios.
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Supplementary Figure 8. Morphology of the rGO-WC El. (a-c) SEM images of the rGO-WC

with different WC NPs ratios at different magnifications.
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Supplementary Figure 9. Characterization of the rGO-WC EI. Water contact angle of the
rGO-WC EI (a) before and (b) after O-plasma treatment. (¢) TEM-EDX elemental mapping
images of the rGO-WC EI. (d) Lattice fringe of the WC NPs in the rGO-WC EI. (e) IFFT image

corresponding to the red box in (d) and line profile.
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Supplementary Figure 10. Absorption of the rGO-WC EI. (a) Reflection spectra, (b)

transmission spectra, and (c) absorption spectra of the planar rGO-WC EI with different WC

NPs contents and grid-like rGO-WC EI at dry state.

With the increase in WC NPs content, the solar absorption of planar rGO-WC increased, and

the solar absorption reached the equilibrium point of 96.82% at a ratio of rGO to WC NPs of

1:2. The grid-like rGO-WC EI further enhances solar absorption to 98.29%, attributable to the

localized surface plasmon resonance effect of WC NPs and the antireflection properties of the

3D macrostructure.
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Supplementary Figure 11. Photothermal properties of rGO-WC EI. (a) Temperature changes
and (b) infrared thermal images of the grid-like rGO-WC EI, the planar rGO-WC EI, and the
planar rGO EI under 1 kW-m illumination. (c) Mass changes and (d) evaporation rates of the
photothermal evaporator with different EI.

High solar absorption enables the generation of elevated surface temperatures, and the grid-
like rGO-WC El achieved a surface temperature of 63.9 °C under 1 kW-m illumination, which
is significantly higher than that of both planar rGO-WC and planar rGO (Supplementary Figure
I1a and 11b). The elevated EI temperature significantly enhanced the evaporation rate, so the
solar evaporator with grid-like rtGO-WC EI reached an evaporation rate of 2.31 kg-m-h"! for
3.5 wt% NaCl, which is also higher than that of the solar evaporator with planar rGO-WC EI

and planar rGO EI, showing excellent photothermal conversion ability (Supplementary Figure

I1c and 11d).
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Supplementary Figure 12. Electrothermal performance of the IEE. (a) Evaporation rate and
apparent energy efficiency of the IEE for 3.5 wt% NaCl under different input voltages. The
data represent mean values = SD (n = 3 independent experimental replicates). (b) Temperature
changes in the IEE for 3.5 wt% NaCl under different input voltages. The data represent mean
values = SD (n=3 independent experimental replicates). (c¢) Infrared thermal images of the

IEE under different input voltages.
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Supplementary Figure 13. Electrothermal performance of the electrothermal evaporator with
the EL at the top or bottom. (a) Evaporation rate of the electrothermal evaporator with the EL
at the top or bottom at 1.5 V. (b) Apparent energy efficiency and apparent heat loss of the
electrothermal evaporator with the EL at the top or bottom after on the 10" h at 1.5 V. The data
represent mean values + SD (n=3 independent experimental replicates). (c¢) Schematic of the
electrothermal evaporator with the EL at the top. (d) Cross-sectional infrared thermal image of
the electrothermal evaporator with the EL at the top at 1.5 V. (e) Schematic of the electrothermal
evaporator with the EL at the bottom. (f) Cross-sectional infrared thermal image of the

electrothermal evaporator with the EL at the top at 1.5 V.
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Supplementary Figure 14. Comparison of evaporation rate between IEE and traditional
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Supplementary Figure 15. Heat loss of BEE, IFEE, and IEE at 1.5 V. (a) Apparent conduction
heat loss of BEE, IFEE, and IEE on the 10® h at 1.5 V. The data represent mean values + SD
(n =3 independent experimental replicates). (b) Apparent convection and radiation heat loss of
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Supplementary Figure 16. Energy consumption of BEE and IEE at 1.5 V for evaporating 5 g

of brine. The data represent mean values + SD (n = 3 independent experimental replicates).
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Supplementary Figure 19. Photothermal performance of the IEE under different light
intensities. (a) Mass changes, (b) evaporation rates, (c) temperature changes, and of the IEE for
3.5 wt% NaCl under different light intensities. The data represent mean values = SD (n=3
independent experimental replicates). (d) Infrared thermal images of the IEE under different

light intensities.
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Supplementary Figure 20. Photothermal electrothermal coupling performance of the solar-
operated IEE. (a) Temperature changes of the IEE for 3.5 wt% NaCl under different
illumination and the voltage of 1.5 V. The data represent mean values + SD (n =3 independent
experimental replicates). (b) Infrared images of the IEE at 60 min under different illumination
and the voltage of 1.5 V. (c¢) Photographs of the EI in the IEE after the test. (d) Evaporation
rates and apparent energy efficiency of the IEE for 3.5 wt% NaCl under different illumination
and at the voltage of 1.5 V. The data represent mean values = SD (n=3 independent

experimental replicates).
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Supplementary Figure 22. Cross-sectional infrared thermal images and temperature
distribution of the solar-operated IEE and BEE under 20 kW-m? illumination and at the voltage
of 1.5 V. (a) Cross-sectional infrared thermal image of the solar-operated IEE at 1 min. (b)
Cross-sectional temperature distribution of the solar-operated IEE at 1 min. (¢) Cross-sectional
infrared thermal image of the solar-operated BEE at 1 min. (d) Cross-sectional temperature

distribution of the solar-operated BEE.
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Supplementary Figure 23. Schematic of heat loss of BEE and IEE under electrothermal-
photothermal conditions. Schematic of heat loss for photothermal desalination of (a) BEE and
(b) IEE. Schematic of heat loss for electrothermal-photothermal desalination of (¢) BEE and
(d) IEE.

The solar-operated IEE exhibits excellent energy utilization efficiency for both electrical
energy and solar energy simultaneously. Under purely photothermal conditions, solar-driven
IEE with interface heating mode effectively reduces heat loss compared to the bulk
photothermal evaporation of solar-driven BEE (Supplementary Figure 23a and Supplementary
Figure 23b). Under coupled electrothermal-photothermal conditions, the above two energy
utilization advantages are superimposed synergistically. The electrothermal layer and the
evaporation interfaces work in tandem to convert both electrical energy and solar energy into
evaporation energy with minimal heat loss (Supplementary Figure 23c and Supplementary
Figure 23d). Therefore, the solar-operated IEE not only improves electrothermal evaporation
performance but also provides a more efficient platform for solar energy utilization, leading to

a more pronounced performance enhancement under solar irradiation.
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Supplementary Figure 24. Computation module of COMSOL simulations. (a) Model of the
EL in BEE and environment as a whole. (b) Model of the BEE, bulk brine, and environment as
a whole. (c¢) Model of the EL in BEE. (d) Model of the EL in IFEE and environment as a whole.
(e) Model of the IFEE, bulk brine, and environment as a whole. (f) Model of the EL in IFEE.
(g) Model of the EI in IEE and environment as a whole. (h) Model of the IEE, bulk brine, and

environment as a whole. (i) Model of the EI in IEE.
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Supplementary Figure 25. COMSOL simulations of BEE, IFEE, and IEE. Theoretical
simulation of BEE: (a) the temperature distribution for EL, (b) the temperature distribution for
BEE, and (g) steam diffusion flux for the EL. Theoretical simulation of IFEE: (c) the
temperature distribution for EL, (d) the temperature distribution for IFEE, and (h) steam
diffusion flux for the EL. Theoretical simulation of IEE: (e) the temperature distribution for EI,

(f) the temperature distribution for IEE, and (i) steam diffusion flux for the EI
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Supplementary Figure 26. Performance comparison of BEE, IFEE, and IEE in apparent

energy efficiency, apparent heat loss, evaporation rate, and steam diffusion flux.
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Supplementary Figure 27. Freshwater production phenomenon of the solar-operated IEE

under 20 kW-m illumination and at the voltage of 1.5 V.
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Supplementary Figure 28. Freshwater flux of IEE and BEE at 1.5 V. The data represent mean

values + SD (n =3 independent experimental replicates).
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Supplementary Figure 29. Freshwater flux of the solar-operated IEE and solar-operated BEE.

The data represent mean values = SD (n =3 independent experimental replicates).
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Supplementary Figure 30. Concentration changes in 3.5 wt% NaCl before and after solar

desalination.
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Supplementary Figure 31. Ion concentrations and rejection of IEE. (a) Ion concentrations of
real Bohai seawater and freshwater collected by IEE. The data represent mean values + SD
(n=3 independent experimental replicates). (b) Rejection of real Bohai seawater treated by

IEE. The data represent mean values + SD (n =3 independent experimental replicates).
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Supplementary Figure 32. Photographs of the solar-operated IEE during tests at different

periods under 20 kW-m? illumination and at a voltage of 1.5 V.
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Supplementary Figure 33. Salt transport flux of the IEE. (a) Salt transport phenomenon of
IEE. (b) Optical images of the IEE before and after salt transport flux measurement. (c) Salt
transport flux of the IEE. The data represent mean values = SD (n = 3 independent experimental

replicates).
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Supplementary Figure 34. Photographs of water transport for IEE.
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Supplementary Figure 35. SEM images and corresponding elemental mapping of rGO-WC
EI of IEE (a) before and (b) after test. SEM images and corresponding elemental mapping of
rGO TC of IEE (c) before and (d) after test. SEM images and corresponding elemental mapping
of TiG mesh EL of IEE (e) before and (f) after test.
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Supplementary Figure 36. (a) XRD patterns of rGO-WC EI of IEE before and after test. (b)
XRD patterns of rGO TC of IEE before and after test. (¢) XRD patterns of TiG mesh

electrothermal layer of IEE before and after test.
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Supplementary Figure 37. (a) XPS spectra of rGO-WC EI of IEE before and after test. (b)
XPS spectra of rGO TC of IEE before and after test. (¢) XPS spectra of TiG mesh EL of IEE

before and after test.
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Supplementary Figure 38. (a) Water contact angle of rGO-WC EI of IEE before and after test.
(b) Water contact angle of rGO TC of IEE before and after test. (c) Water contact angle of TiG
mesh EL of IEE before and after test.
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Supplementary Figure 39. Comparison of photothermal-electrothermal coupled evaporation
rate between the solar-operated IEE (1.5 V with 1 kW-m™ and 20 kW-m2) and other reported

evaporators (details in Supplementary Table 5).%2527-31.36-43
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Supplementary Figure 40. Photographs of foldable solar cell and Fresnel lens. (a) Photograph

of the folded and expanded solar cell. (b) Photograph of the folded and expanded Fresnel lens.
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Supplementary Figure 41. Outdoor freshwater production and sample integration. (a)

Photograph of the IEE integration. (b) Photograph of freshwater production device.
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Supplementary Figure 42. All-day outdoor experiment. (a) The sunlight flux and the
concentrated flux in Suzhou on February 18, 2025. (b) Evaporation rate and freshwater flux of
the IEE for 3.5 wt% NaCl during the outdoor experiment in Suzhou on February 18, 2025. (c)
Sunlight flux in Suzhou on January 23, 2025. (d) Evaporation rate and freshwater flux of the

IEE for 3.5 wt% NaCl during the outdoor experiment in Suzhou on January 23, 2025.
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Supplementary Figure 43. Characterization of various water sources before and after
desalination. (a) Microscopic images of the sediment water before and after desalination. (b)
Absorbance changes of the oil water before and after desalination. (c) Ion concentration
changes of the high-salinity wastewater before and after desalination. (d) pH changes of the

strong acid water before and after desalination.
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Supplementary Figure 44. Evaporation rate and freshwater flux of the solar-operated IEE for
sediment water, oil water, high-salinity wastewater, and strong-acid water under 20 kW-m
illumination and at the voltage of 1.5 V. The data represent mean values = SD (n=3
independent experimental replicates). The test results showed the evaporation rates of solar-
operated IEE for sediment water, oily water, high-salinity wastewater, and strong-acid water
treated were as high as 97.26, 98.12,91.23, and 93.73 kg-m™-h™! under 20 kW-m illumination
and at the voltage of 1.5 V, and the corresponding freshwater flux was as high as 67.22, 66.05,

62.14, and 65.89 L-m2-h"!, showing excellent rapid freshwater production of multi-scenario

water sources.
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Supplementary Tables

Supplementary Table 1. Freshwater flux and apparent energy efficiency comparison of the

IEE versus other reported electrothermal and photothermal desalination technologies.

Type of Freshwater flux Apparent energy
Number References
desalination (L'm2-h) efficiency (%)
1 6.78 (average) 39.33 (average) 2017 Nat. Nanotechnol.**
2 18.67 (average) 5.36 (average) 2018 Water Res.
Electrothermal
3 17.07 (average) 43.32 (average) 2020 Nat. Nanotechnol .4
4 4.18(3V) 22.47 (average) 2024 Adv. Sci.?
5 2.22 95.92 2023 Nature!?
6 0.94+0.12 59.8 2023 Nat. Water*’
Photothermal
7 0.6 64.8 2025 Nat. Sustain.*®
8 2.266 95.2 2025 Sci. Adv.*
Photothermal-
9 operated 69.46 93.31 This work
electrothermal
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Supplementary Table 2. Comparison of evaporation

electrothermal evaporator under different voltages.

rate between IEE and traditional

Evaporation rate

Number  Voltage (V) References
(kg'm-h)

1 3 7.9 2025 Adv. Funct. Mater.”
2 3 4.50 2020 J. Mater. Chem. A%
3 2 2.26 2024 Chem. Eng. J.?°
4 3 6.86 2022 J. Mater. Chem. A2°
5 1 2.61 2022 Sci. China Mater.?’
6 5 6.37 2026 ACS Nano?®
7 10 5.00 2022 ACS Appl. Nano Mater.*
8 3 10.88 2024 Desalination?’
9 5 0.99 2023 J. Mater. Chem. A3!
10 0.5 2.94
11 1 15.94 This work
12 1.5 51.04
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Supplementary Table 3. Evaporation rate comparison between the IEE and previously

reported electrothermal desalination technologies at unit voltage.

Evaporation rate

Number Materials References
(kg.m—Z.h-l.V-l)
Carbon fiber/tencel composite
1 0.76 2022 ACS Appl. Mater. Interfaces
braided yarn
2 MGM@PVDF 0.28 2022 Chem. Eng. J.33
3 Laser-induced graphene 0.50 2022 ACS Appl. Nano Mater.3°
4 ANF/CNT/PPy 0.20 2023 J. Mater. Chem. A3!
Zeolite-chitosan-
5 1.14 2023 Chem. Eng. J.3*
TiO>@PPy aerogel

Wood-derived all-carbon
6 1.90 2023 Mater. Today Nano?®
conductive foam

7 CNTs/PAAm hydrogel 3.79 2024 Nano Energy?’

Cotton cloth/PPy/heating
8 1.13 2024 Chem. Eng. J.%
wires/acrylamide hydrogel

9 Cu/CuO-PPy 3.42 2024 J. Mater. Chem. A%
PVA/MS/BG/
10 1.27 2026 ACS Nano?®
Fe-Cr-Al alloy wires

11 rGO-WC/TiG mesh/rGO 34.03 This work
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Supplementary Table 4. ICP data of ion concentration of real Bohai seawater and collected

freshwater.

Concentration of Concentration of Concentration Concentration
Water source
Na" (mg L) Mg?" (mgL!) of K" (mgL') ofCa® (mgL")

Bohai seawater 9701.38 1144.70 361.95 365.97
Collected
6.90 1.16 1.24 1.10
Freshwater
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Supplementary Table 5. Comparison of photothermal-electrothermal coupled evaporation

rate between IEE and other reported evaporators.

Voltage Solar illumination Evaporation rate
Number References
V) (kW-m?) (kg'm?-h)
1 5 1 6.53 2021 Nano Energy 3®
2 1 1 2.61 2022 Sci. China Mater.?’
3 2.5 0.5 1.62 2022 Mater. Horiz.*®
4 2 1 6.73 2023 Mater. Today Nano3®
5 10 1.5 10.25 2022 Solar RRL*
6 5 1 11.70 2023 Chem. Eng. J.3*
7 3 1 3.40 2024 Chem. Eng. J.4°
8 5 1 10.05 2026 ACS Nano?®
9 3 1 4.89 2024 Adv. Sci.?
10 1 1 7.43 2024 Nano Energy?’
11 2.5 1 10.37 2024 Appl. Surf. Sci.*!
12 3 1 11.20 2024 Desalination®’
13 1 1 21.30+£3.60 2024 Desalination*?
14 5 1 4.71 2023 J. Mater. Chem. A3!
15 2 1 4.58 2024 Chem. Eng. J.%
16 3 1 6.60 2024 Nano Lett.#
17 1.5 1 52.58
This work
18 1.5 20 100.66
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Supplementary Table 6. Natural and concentrated light intensities change with time in Suzhou

on August 19, 2025.

Natural light Concentrated light intensity

Time
intensity (kW-m?) by lens (kW-m?)

9:00 0.87 20.45
10:00 1.00 20.75
11:00 1.04 21.14
12:00 1.07 21.67
13:00 1.02 21.50
14:00 0.96 20.80
15:00 0.89 20.62

16:00 0.82 20.35
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Supplementary Table 7. Comparison of freshwater flux with other reported water treatment

technologies.
) Concentration
Material Treated Freshwater flux
Number Type . . of NaCl References
or design solution (L'm2-h)
(Wt%)
Reverse 35,000 ppm 2020, Nat.
1 TFC-HC6 3.5 75
0Smosis NaCl Nanotechnol.”!
Reverse 2000 ppm
2 ) TA-RO 0.2 31.65+0.21 2025, Nat. Water>?
0Smosis NaCl
Reverse 3000 ppm 2026, Nat.
3 M-CDs-0.1 0.3 18.32
0Smosis NaCl Commun.>
Membrane l1gL! .
4 Wood 0.1 20.8+0.8 2019, Sci. Adv.**
distillation NaCl
Membrane 35gL! 2023, Nat.
5 NF-PES-8 35 24.8
distillation NaCl Commun.>’
Membrane 3.5 wt%
6 PTFE NFMs 3.5 52.1 2024, Water. Res.*¢
distillation NaCl
Solar- rGO-WC/Ti 3.5 wt% 69.46 (1aboratory)
7 35 This work
operated IEE mesh/rGO NaCl 66.72 (outdoors)
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