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S1 Supplementary Figures and Tables
S1.1 Schematic and Characterizations of Photothermal Properties

The hydrogel evaporator with side-loaded carbon has a thermal conductivity of 0.51 W m™! K-
Iat around 30 °C. The carbon absorbs solar radiation and converts it to heat through lattice
vibration [S1, S2]. The absorption (A) is 95.2%, which is calculated by A=1-T — R (Fig.
S1b). The stable temperature of the dried IEH with side-loaded absorbers rapidly rises within
six minutes to reach a steady 50°C (Fig. S1c), which was 5.3°C higher than that with uniform-
loaded absorbers. The tested sample undergoes one sun irradiation without the contact to water.
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Fig. S1 a The left is the schematics of carbon (Red) disperse uniformly inside the hydrogel.
The right is the schematic of carbon disperse on the side of the hydrogel (Yellow), of which the
heat conduction is reduced. b Reflection (R) and transmission (T) of the IEH with carbon. ¢
Photothermal conversion of the dried IEH, which undergoes one sun irradiation without the
contact to water

S1.2 Characterizations of the Hydrogel with and without SDBS-C

According to the phenomenon in the experiment, carbon may enable ionized NaAMPS
uniformly distributed in hydrogels. To verified this, we placed a carbon paper on the bottom of
the hydrogel during the material synthesis. For a hydrogel without carbon paper, the ionized
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NaAMPS monomer only diffused in a micrometer range (Fig. S2a, right). The NaAMPS
monomer uniformly diffuses in a millimeter range, and a charge-uniform hydrogel was obtained
(Fig. S2b). The possible reason can be summarized as follows: The polymerization process
involves ultraviolet light crosslinking. Carbon has a high absorption capacity within the
ultraviolet range (Fig. S1b). As a result, during the polymerization, carbon facilitates the
concentration of ultraviolet light onto the sample, leading to increased absorption by the
ultraviolet photo-initiator [S3, S4]. This enhanced absorption excites the molecules within the
hydrogel, contributing to the uniform filling of NaAMPS in the sample.

a Without carbon b With carbon
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200 um 200 pm

Diffused in the micrometer Uniform distribution

Fig. S2 a EDS mapping of the hydrogel without carbon. The left and right are the distribution
of the characteristic elements before and after diffused polymerization, respectively. b EDS
mapping of the hydrogel with carbon. ¢ SEM and sample image of the hydrogel without carbon
before polymerization. d SEM and sample image of the hydrogel without carbon after
polymerization. e SEM and sample image of the hydrogel with carbon

a Without SDBS modified b With SDBS modified

Loosely Bound Tightly Bound

Fig. S3 a—b Photos of the carbon in hydrogels with and without SDBS modified
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S1.3 Cryo-SEM Images of Internal Structure
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Fig. S4 Cryo-SEM images of the IEH with SDBS-C at different resolution

Comparing IEHs with (Fig. S5a) and without SDBS-C (Fig. S5b) reveals that the absence of
carbon results in narrower interlinked hydrogel channels. Additionally, contrasting the IEH (Fig.
S5b) with an IEH featuring a higher proportion of ionized monomers (Fig. S5¢) demonstrates
that increased ionized monomer content leads to an enlargement of interlinked hydrogel
channels.
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Fig. S5 Cryo-SEM images of (a) IEH with SDBS-C addition, (b) I[EH without SDBS-C addition,
and (¢) IEH without SDBS-C and containing a high proportion of ionized monomers

S1.4 Demonstration of Generalization of Ionization Engineering

a PVA-NaAMPS hydrogel
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Fig. S6 a—b Characteristic elements of NaAMPS and SA are uniformly distributed in the cross-
section of PVA and PAAM hydrogels

S1.5 Zeta Potential of IEHO
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Fig. S7 Zeta potential of the IEHO without ionization engineering under pH=7.0. The value is -
12.1 mV

S1.6 XPS Spectra of the IEH

The IEH has the typical peaks of Cis, Nis, Nais and Spp at 285.33, 399.97, 1071.8, and 168.42
eV (Fig. S8a). All spectra were calibrated based on the binding energy of C—C/C—N, i.e., 284.8
eV. The two peaks of Nis located at 399.6 and 400.9 eV were attributed to the N—H bond and
the C—N bond (Fig. S8b). The existence of Sz, and Najs represents the inclusion of NaAMPS in
the PAAM hydrogel (Fig. S8c—d). In Cis spectra, the peaks at 284.8, 286, 287.4, and 288.8 eV
represent C—C, C—O/C-N/C-S, C=0, and O=C-0O (Fig. S8e). Note that there are no O=C-O
bonds in AAM and NaAMPS, but the UV-initiator has these bonds, thus they were detected [5].
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Fig. S8 a XPS survey scan spectrum and high-resolution spectra of b Nis, ¢ Szp, d Nays, and e
Cls

S1.7 Water States in the IEH

The water molecules with weakly hydrogen-bonded interaction and with non-hydrogen-bonded
with polymer chains, which are named as IW and FW (Fig. S9a), can be measured. Raman
spectra were fitted by two peaks through Gaussian function (Fig. S9b) [S6]. Among them, the
peak at 3408 cm™! in a red fitting curve is IW and the peak at 3203 cm™ in a blue fitting curve
is FW.

S1.8 Investigation of the SDBS-C in Tuning Water States and Evaporation Enthalpy

We conducted measurements of the melting behavior and evaporation capability of water in
[EHs using a differential scanning calorimeter (DSC). For the melting measurement, the IEH
was carefully sealed in an Al crucible to prevent water evaporation, and the entire sample was
frozen at -30 °C for 20 min to ensure complete freezing. The experiment was then carried out
with scans at a linear heating rate of 2 °C min™! in the temperature range of -30 to 30 °C, under
a nitrogen flow flux of 50 mL min™.

As depicted in Fig. S9¢—d, the frozen water in hydrogels with or without carbon was all easy to
melt than normal water. Also, for water in hydrogels, the melting enthalpy was much lower than
that of normal water. These results indicate that the water in the hydrogels exhibits different
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thermodynamic behaviors from the normal bulk water, and its intermolecular potential is low.
For evaporation, a high ratio of intermediate water to free water (IW/FW) can reduce
evaporation enthalpy and facilitate evaporating [S7, S8]. Based on the Fig. S9d, we evaluated
the IW/FW of hydrogels with and without carbon. The pink peak is related to intermediate water
melting, and the light blue peak represents free water melting. The IW/FW of the IEH with
SDBS-C is 1.4, which is slightly higher than the IEH without SDBS-C (Fig. S9e).

During the evaporation capability measurement [6, 9], the IEH was closely sealed in an Al
crucible and the entire sample was heated from 30 to 200 °C with the increase rate of 5 °C min
' under a nitrogen flow flux of 20 mL min™'. Fig. S9f indicates that the IEH with SDBS-C
enables low heat energy consumption.
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Fig. S9 a Diagrammatic illustration of water in the polymer networks. b Raman spectra
corresponding fitting curves of the swollen IEH2. e—d DSC curves of the melting behavior of
frozen water in IEHs and normal water. Among fitting curves and peaks, pink represents IW,
while blue expresses FW. e—f IW/FW ratios and DSC curves of the evaporation behavior of the
IEH2 with and without SDBS-C

S1.9 Investigation of Ionized Monomers in Tuning Water States and Evaporation
Enthalpy
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Fig. S10 EDS mapping of IEHI, IEH2, IEH3 and IEH4 from left to right, showing the
increasing ionization degree and the characteristic elements are sodium and sulfur

DSC melting curves are shown in Fig. S11a, b. Both Fig. S11a and b originate from the same
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dataset, with only the difference in horizontal coordinates. The peak separation treatment has
been conducted and presented in Fig. S11a [S8], in which fitting curves and found peaks of IW
and FW were displayed in pink and blue, respectively.

The bound water is unfrozen water, thus there are no peaks for BW during the measurement
[S10]. The BW content was calculated by:

WBW =Ws _WIW _WFW (Sl)

where W, is the total water content in the saturated IEH, W,,, and W, are the content of

intermediate water and free water, respectively. W, and W_, can be estimated by the
following Eqgs. (2) and (3):

WIW = Ale\Ns / AI_lm (S2)
W, = AH_ W, /AHm (S3)

where AH,,, and AH_,, are the melting enthalpy of IW and FW from DSC measurement. AH |
is the saturated melting enthalpy of normal water, 334 J g"'.[11] W, is represented by [7]:

W, = (M, - M)/ M, (S4)

where M_ and M, are the mass of the fully swollen sample and corresponding dried samples.

Note that the mass of the fully swollen IEH was tracked using a balance until the value was not
changed. The two-hour data are shown in Fig. S12. The calculated content of the three water
states in IEHs is listed in Table S1.
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Fig. S11 a—b DSC curves of the melting behavior of frozen water in IEHs

Table S1 Content of three types of water and corresponding melting enthalpy of fully swollen
IEHs

Wi AHw AHrw Wiw Wew Wew IW/FW
IEHO 4.16 100.00 157.00 1.24 1.95 0.96 0.64
IEH2 12.68 163.00 114.00 6.19 4.33 2.16 1.43
IEH4 34.88 136.00 124.00 14.20 12.95 7.73 1.10

S1.10 Measurement of Water Transport Performance of IEHSs

Based on the swelling experiments, the water transport was measured [12]. All IEHs to be tested
were completely dried in the heated oven. Then, the dried samples were immersed in pure water
at the room temperature of 25°C and a humidity of 60%. The water mass in these swollen IEHs
denoted as Qs was recorded by a balance for 5 min until their mass was no change in 30 min.
The results are shown in Fig. S12. Note that the IEH4 was fully swollen in 270 min. Given that
IEHs are nearly fully swollen during the solar evaporation process, the swelling rate from a
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half-saturated state to a fully-swollen state can represent the water transport of the IEH in the
evaporation process. The swelling rate is calculated by:

szelling = O5VV5 /tO.S (SS)
where t, . is the time from a half-swollen state to a fully-swollen state. The W_, t,., and
calculated v, ., are shown in Table S2.

30
IEH4

0 30 60 90 120

Time (min)
Fig. S12 Water content per gram of dried samples overtime in the swelling process

Table S2 Water content, swelling time, and swelling rates of IEHs from a half-swollen state to
a fully-swollen state

IEHO IEH2 IEH4
0.5Ws 2.08 6.34 17.44
to5 (Min) 91.20 89.80 203.40
Vewelling (g 1) 1.37 4.24 5.14

IEHO ' IEH1 ' IEH2 ' IEH3 p IEH4 '

D S e

Fig. S13 Water contact angles of IEHs in the same testing time
S1.11 Estimation of Energy Consumption with IEHs

DSC measurements in Fig. S14 show the heat flow changes with temperature increasing and
with time going on. It indicates that normal bulk water evaporated immediately when the
temperature was high enough, and the corresponding enthalpy was calculated to 2580 J g,
which is closed to 2450 J g'!. The heat flow curve of the IEH2 was broad and change gradually,
confirming its different evaporation behavior from bulk water. The related enthalpy was
measured to 1420 J g'. The value is much lower than that of bulk water.
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Fig. S14 a—b DSC curves of the evaporation behavior of the IEH2 and normal bulk water

Controlled dark experiments were conducted to estimate the energy consumption of the IEHS
during the evaporation experimen [S6]. In this control experiment, the evaporation area of brine
was equal to that of the IEH. Both experiments were carried out simultaneously in a closed
container under the same room temperature of 25 °C and relative humidity of 60%, ensuring
the same energy input (Uin). The energy consumption (Eec) in Fig. 3¢ was estimated using the
following equation:

U,, = Em, = E.m, (S6)

where Uj, is the identical power input (1 kW m h'1), Ey and mo are evaporation enthalpy (2450
J g1 [S13] and mass change of pure water without the evaporator, mg is a mass change rate of
IEHSs under the same experimental condition (Fig. S15). Note that the measured enthalpy of the
IEH is lower than DSC results, this is because water evaporation completely during the DSC
test and slightly dehydration in the evaporation process [S6].
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Fig. S15 Mass change of water in IEHs under dark conditions
S1.12 Conscious-permeability Experiment

The conscious-permeability experiment was improved according to the previous report [S14].
Firstly, the IEHs were thoroughly dried in a heated oven. Next, the dried IEHs were immersed
in 20 wt% brine for 48 h. Due to the osmotic pressure difference between the IEH and the
surrounding brine, water molecules and free ions entered the dried IEHSs, causing them to swell
completely and form a hydrogel containing a large amount of brine. Subsequently, the excess
surface brine from the IEHs was removed and discarded using absorbent filter paper. Finally,
the fully-swollen IEHs were mechanically squeezed, and the salinity of the obtained brine was
measured using a salinity refractometer.
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S1.13 Water Absorption and Salt-impeded Capacity of the IEH2 in Brine
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Fig. S16 a Raman mapping of the IEH2 in a dried state and after absorbing water for 5 min in
20wt% brine. b Photos of the IEH2 before and after absorbing water in saturated brine that has
122 bar osmotic pressure

Experimental procedure for CI" concentration across the IEH:

Figures S17, 3e, and 5f were obtained using the electrical setup, which is shown in Fig. 5a. The
DI water and 20 wt% brine was on the different sides of the IEH2. Driven by the salinity
difference, salt ions diffused from brine to DI water. After a period, an appropriate amount of
the solution in the original DI water side was taken and measured the concentration of ions.
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Fig. S17 Concentration of chloride ions permeated across IEHs in 20wt% brine after 8 h
Detailed salt-impeded mechanism analysis as follows [S15, S16]:

At a steady state, Donnan equilibrium is established between the hydrogel evaporator and the
brine:

¢’ ¢’ =ch ¢ (S7)

Na* ~CI Na* ~Cl

where sz and Cgl, are the concentrations of Na* and CI” in the brine, and C;w and cgl, are the

concentrations of Na* and CI" in the hydrogel evaporator. According to the electroneutrality
theory:

Ch. =Ch +Cl (S8)
Clt\Jla+ = cgl’ (89)

where cg, represents the concentration of the fixed sulfonic acid groups. Combining the above

equations, we obtain:
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(c? )2 = (c! )2 +ch e (S10)

ol clI- R™ CI”

Thus, the concentration of CI” entering the hydrogel evaporator is inversely proportional to that
of fixed sulfonic acid groups, expressed as follows:

2
o
ch. =@—c§I (S11)
Cop
Therefore, the introduction of sulfonic acid groups (Cg, ) impedes the anions (CEI, ) from entering

the evaporator. In addition, according to Eq. (9), the brine should maintain electroneutrality,
thus the Na* (c:‘a+ ) entering the evaporator is impeded.
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Fig. S18 Concentration of chloride ions permeated across IEHs in 20 wt% brine after 8 h
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Fig. S19 Raman spectra of the waste washes with negative charged surfactant impurities before
and after purification

S1.14 Calculation of Energy Efficiency based on IEHs

The evaporation rates were calculated using the projected area. There are two reasons for this:
The energy input on the top projected surface is equal to the total energy input of the evaporator;
During the evaporation process, shading treatment was carried out by wrapping foam around
the container, preventing additional energy input. In addition, when the system under
illumination reaches a steady-state, the absorber’s temperature is 31.2 °C, which is much higher
than 25 °C of environment. So, we didn’t take the dark evaporation rate in the calculation [S17].

The efficiency of solar-to-vapor conversion (i) was expressed as follows [17]:
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n=— (S12)

where m is the evaporation rate based on IEHSs (Fig. 3h). Each value should be calculated based
on at least three parallel measurements under the same conditions.
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Fig. S20 Calculated evaporation efficiency of IEHs
S1.15 Evaporation Enthalpy and Performance with Changing Salt Ion Concentration

b—4

0 =
"o = b 5 =
S 2F g .2 e @ 35wm%
§ A % 2k ¢ Sag,
% 35wi%| S
% 6| 15wt% -E - 25 Bo0 1200 1800

) 1 1 20|W‘t0/0 8— 0 1 1 o (s: L

500 1000 1500 L% 0 5 10 15 20 25

Time (s) Salinity (wt%)

Fig. S21 Enthalpy of evaporation (a) and evaporation performance (b) of the IEH2 in 3.5wt%,
15wt%, and 20wt% brine

S1.16 Temperature of the Evaporation Surface of IEH0

The stable temperature is 33.51 °C. The low temperature is contributed by the high-efficiency
evaporation. In fact, the temperatures of the most hydrogel-based evaporators are lower than
other evaporators [S18, S19].
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Fig. S22 Temperature of the photothermal evaporation surface of IEHO
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S1.17 Mechanical Properties of IEH2 after 15-day Desalination
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Fig. S23 Mechanical properties before and after the 15-day continuous operation in 20wt%
brine

S1.18 Comparison of the Stability among Different IEHSs
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Fig. S24 Stability data of IEH1, IEH2, and IEH3
S1.19 Comparison of IEH2 with Other Evaporators
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Fig. S25 Comparison in evaporation rates in 20 wt% brine of the IEH2 under complex
conditions and other reported literature under normal conditions

S1.20 Electricity Generation Procedure and Performance

An Ag electrode (1>37 mm, Shanghai Yueci Electronic Technology co., LTD) and a custom-
made AgCI electrode were used for recording electricity. Before the experiment, the IEH was
assembled with a customized quartz device and sealed well. The specific experiment rules are
that the 25 wt% solution and the 0.025 or 3.5 wt% solution were placed on different sides of
the IEH, respectively. Then, the mentioned electrodes were inserted into the solutions
separately and ensured they were in good contact with the solutions, using alligator clips to
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connect electrodes and the multimeter to monitor current and voltage outputs. After the whole
device was connected completely, the startup time of the multimeter was directly related to the
initial displayed value, thus we only focused on the absence or presence of signals and the
corresponding change trend, demonstrating the salinity-gradient electricity generation. Note
that there was no need to consider the positive and negative of the connection joint, and it only
affected the symbol of the displayed numbers.

100

25wt%-3.5wt%

O 1 1 1
00 02 04 06 08 1.0
Time (h)

Fig. S26 Open-circuit voltage of the IEH2 under the salinity difference between the 25wt% and
3.5wt% NaCl solutions
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Fig. S27 In-suit outdoor experiment of solar-driven evaporation and salinity gradient electricity
generation during the whole day. The simulated seawater with 3.5wt% salinity is used for the
low salinity solution combined with the waste evaporated brine for generating electricity.

S1.21 Cost and Scalability of the IEH

(1)  The cost of this material outperforms most of reported materials [S3, S4, S20-S31]
Referring to the previous paper [S22], we normalize the cost-effectiveness(e) as the defined to
be evaporation rate (kg m~2 h™*) per cost ($ m~2), which can be understood as how many grams
of purified water can be received in one hour if spend one U.S. dollar.

Table S3 Detailed prices of raw materials and the total IEH evaporator

Raw materials Cost ($m?) Cost-effectiveness (kg h™ $1)

AAM 0.29
NaAMPS 0.28
MBAA 0.00
uVv-I 0.02
AG 0.85
CB 0.01
SDBS (45 ml solution) 0.13

Total 1.58 1.84
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Fig. S28 Cost effectiveness comparison of the IEH with other reported evaporators

(2)  The scalability of this material outperforms most of reported materials. Biomass-
based/wood-based and other material-based solar evaporators are often limited by the size of
raw materials, such as wood. In contrast, hydrogels provide enhanced scalability as their
production involves pouring raw solutions into a mold for cross-linking, solely dependent on
the mold size. This capability allows manufacturing in a wide range of sizes, spanning from
very small to very large, which as shown in Fig. S29. Furthermore, we increase the size of the
evaporator to 100 cm? for outdoor experiments with 0.9 sun irradiation, the evaporator still
maintains a high evaporation rate of 2.5 kg m? h* (Fig. S30).

5x5 cm

10x10 cm

20x60 cm

Fig. S29 Scalability of the IEH with difference sizes
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Fig. S30 Outdoor solar steam generation with a 100-cm? hydrogel evaporator
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