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Technologies that can simultaneously generate electricity and desalinate seawater are highly
attractive and required to meet the increasing global demand for power and clean water. Here
we develop a bifunctional solar evaporator that features continuous electric generation in
seawater without salt accumulation by rational design of polyelectrolyte hydrogel-
functionalized photothermal sponge. This evaporator not only exhibits an unprecedentedly

high water evaporation rate of 3.53 kgem 2sh 'along with 98.6% solar energy conversion
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efficiency, but also can uninterruptedly deliver a voltage output of 0.972 V and a current
density of 172.38 uAe«cm™ in high-concentration brine over a prolonged period under one sun
irradiation. Many common electronic devices can be driven by simply connecting evaporator
units in series or in parallel without any other auxiliaries. Different from the previously
proposed power generation mechanism, our study reveals that the water-enabled proton
concentration fields in intermediate water region can also induce an additional ion electric
field in free water region containing solute to further enhance electricity output. Given the
low-cost materials, simple self-regeneration design, scalable fabrication processes and stable
performance, this work offers a promising strategy for addressing the shortages of clean water

and sustainable electricity.

1. Introduction

Along with the world climate change, economic development and population growth,
many countries are suffering from a severe scarcity of natural freshwater resources and
sustainable electricity ). Solar-driven seawater evaporation for parallel clean water and
electricity generation is an ideal solution to address these impending issues simultaneously, as
solar energy is an inexhaustible energy source and the oceans represent the largest water
reservoir on Earth 1), In recent years, the concept of solar-driven interfacial water evaporation
with extremely high energy efficiencies has been extensively explored for acquiring clean
water from seawater or sewage [*?). This cost-effective technique offers all-in-one solutions
where multiple functions including sunlight harvesting, solar-to-heat conversion, liquid
wicking, water flow regulation and self-floating are integrated into a single system [®). Since
there is no thermodynamic limit on the quantity of photon that is able to be absorbed by a
photothermal material, over 99% of the sunlight reaching the photothermal material can be
utilized directly for thermal generation [*!, Therefore, near 100% solar-to-steam conversion
efficiency could be realized thanks to this high photothermal conversion, as well as
minimized heat losses to the environment and bulk water ),

In addition to rational energy management, reducing water evaporation enthalpy via
elaborately designed hydrogels can unprecedentedly elevate the solar-to-steam generation
performance with the same solar energy input [, Hydrophilic functional groups in hydrogels
can trap water molecules via hydrogen bonds to tune water states and phase transition
behaviors '], By tailoring building blocks in hydrogels such as functional groups/additives,
polymer/monomer backbones, and cross-linkers, a higher content of intermediate water that

possesses a lower evaporation enthalpy than free water and bound water is able to be
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produced in hydrogel networks, resulting in faster evaporation under natural sunlight.
However, the existing hydrogel-based materials possess poor stretchability and are easily
destroyed during deformation '?!. To facilitate the practical applications of these hydrogels,
mechanical properties and scalability as well as the simplicity of preparation methods need to
be remarkably improved. In addition, rendering the hydrogels extra functions such as power
generation during interfacial solar evaporation could open new avenues for diverse and
attractive applications ['314],

As interfacial solar evaporation involves water evaporation, vaporization-induced
electricity generation systems can be created and incorporated into solar interfacial

[15]

evaporation systems . For instance, the thermal energy generated during the solar

evaporation processes can be utilized directly and indirectly for power generation via

16-18] Unfortunately, these techniques have

pyroelectric, piezoelectric and triboelectric effects !
their own limitations from power generation capacity and unsustainable electricity output.
Another new technology of electricity generation along with water vaporization takes
advantage of an evaporation-induced salinity gradient by means of ion selective through
membranes 1), However, its evaporation rate is only 1.1 kg m? h'!' along with a ~75% of
solar thermal efficiency. Besides, hydrovoltaic technologies based on evaporation-driven
water flow inside nanochannels can induce a carrier concentration gradient to yield sustained
electricity, whereas it is not able to simultaneously produce considerable clean water owing to

[15.20-21] ‘Therefore, it is imperative

the limitation of water supply for hydrovoltaic processes
to develop new strategies for juggling rapid water evaporation and continuous electricity
generation from interfacial solar evaporation of seawater or wastewater. To realize this,
elaborate design and fabrication of multifunctional photothermal materials/hydrogels are
vitally important.

Graphene-based material displays superiority in broad-band absorption from the visible
to infrared range and excellent stability, which makes it an appealing candidate as the
desirable solar absorber. However, graphene as a photothermal material usually confronts the
problem of high emissivity in the infrared range, leading to huge heat radiation loss and
remarkable reduction in the overall photothermal efficiency [*2l. Carbon dots (CDs), as a
representative carbon fluorescent material, possess molecular-like behavior and delocalized

electronic structure

1. Loading CDs on graphene-based materials not only suppresses
infrared emissivity of graphene '), but also provides more hydrophilic functional groups for
water activation. Therefore, it is expected to achieve higher solar-to-heat conversion

efficiency and faster water evaporation rate over graphene-CDs hybrids.
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Recently, through control of the directional flow of water and inhomogeneous
distribution of water molecules in the polyelectrolyte membranes, oriented proton movement

24-25] However, after

can be induced that endows high-voltage output under proper humidity !
a long period of water feeding, the inhomogeneity of water molecules distribution within the
membrane significantly reduces the electricity output ?®. This means that its power output
can be hardly sustained without attenuation. To tackle this problem, here we present a self-
sustained proton concentration gradient in the polyelectrolyte membrane driven by solar
interfacial water evaporation for achieving persistent power generation. Our solar
evaporation-electricity generation system is constructed using the commercial melamine
sponge (MS) functionalized by CDs-coupled graphene and polyelectrolyte hydrogels without
the need for tedious, stringent or costly fabrication steps, showing favorable mechanical
flexibility and excellent scalability. It can persistently deliver not only a voltage of up to 0.85
V cm™ but also an ultrafast evaporation rate of 3.53 kgem™2+h™! with a 98.6% solar-to-vapor
energy conversion efficiency under one sun irradiation. More impressively, we found that the
univalent cations and polyvalent anions in brine can significantly boost the electricity output,
acquiring a maximum open-circuit voltage of up to 1.44 V and a short-circuit current of up to
0.37 mA for a 1 cm?®unit, without the burden of salt accumulation on the evaporation surface
of the system. By simply connecting units in parallel and in series without any other
auxiliaries, the presented system sufficiently powers up many common electronics. This study
offers a strategy for durable power generation and highly efficient water purification at the
same time.

2. Results and Discussion

2.1. Fabrication and Characterization of the Electricity-Generation Evaporator
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Figure 1. Preparation processes and optical absorption of samples. a) Schematic illustration

of GMS@HCDs; b) UV-vis-NIR absorption spectra of MS, GMS and GMS@HCDs

As illustrated in Figure la, commercial MS was firstly coated with reduced graphene
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oxides (rGO), which endowed the MS with certain electrical conductivity as well as superior
solar light harvesting and conversion functions. The resultant rGO-coated MS (labeled as
GMS) was then filled with a mixed solution containing polystyrene sulfonic acid (PSS) and
coal-pitch-based CDs which can further improve sunlight conversion and utilization. After
drying, an aqueous solution of polyvinyl alcohol (PVA) and glutaraldehyde (GA) was
uniformly spread on the top surface to form a gel. The obtained sample was immersed into
deionized (DI) water overnight to remove free chemicals and materials. After that it was
frozen at around -18 °C and then thawed in DI water at room temperature to obtain the
electricity-generation evaporator, named GMS@HCDs. After a series of treatments, the color
of MS was changed from white to black (Figure S1, Supporting Information). The as-
prepared GMS@HCDs can float on water surfaces (Figure S2, Supporting Information).
Scanning electron microscopy (SEM) images of GMS showed that the open porous
structures of the MS (Figure S3a-c, Supporting Information) were still present as shown in
Figure S3d-f, Supporting Information. Many observed tiny sheets on the skeletons of MS
revealed the formation of the rGO coating layers, which was further confirmed by X-ray
diffraction (XRD) characterization (Figure S4, Supporting Information). In the
GMS@HCDs, one can clearly observe that the hydrogels of PSS and PVA occupied most of
the pore space of the GMS (Figure S3g-i, Supporting Information), leaving behind a large
number of much smaller holes. This change in porous structures may enhance capillary force
(201 and thereby the water absorption properties of GMS@HCDs are superior to the primary
MS (Figure S5, Supporting Information). Fourier-Transform infrared (FTIR) spectrum of
GMS@HCDs showed strong absorption signals at 1650, 1150, 1029, and 1005 cm™ (Figure
S6, Supporting Information), which can be attributed to the C=C stretching in the aromatic
rings and C-O stretching [*%), S=O and S-OH stretching of -SOsH groups "), respectively.
This result proved that GMS@HCDs contained characteristic peaks of PVA and PSS and
abundant hydrophilic groups. By electrochemical impedance spectroscopy (EIS)
characterizations (Figure S7, Supporting Information), the introduction of CDs and
hydrogel can reduce the interfacial impedance of GMS and MS, benefiting charge migration.
When a voltage was applied on the two sides of the monolith of GMS and GMS@HCDs, the
light-emitting diode (LED) lamp between them was lightened, indicating their good electrical
conductivity (Figure S8, Supporting Information). In addition, the ultraviolet—visible-near-
infrared (UV-Vis-NIR) spectra (Figure 1b) of the GMS@HCDs showed an excellent
absorption feature throughout the sunlight spectrum, significantly higher that of the original
MS. Therefore, the obtained GMS@HCDs possessed both excellent light absorption and
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electrical conductivity which were conducive to simultaneous efficient interfacial solar

evaporation and power generation.

2.2 Solar Interfacial Water Evaporation Performance
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Figure 2. Solar interfacial evaporation performance. a) Mass change of water evaporation
over time under one sun; b) Surface temperatures of the different evaporation systems and
bulk water vs. irradiation time (Left) and corresponding infrared photographs (Right) under
one sun; ¢) Comparisons of water evaporation rate and solar-to-steam efficiency from
GMS@HCDs with reported evaporators under one sun; d) The effect of rGO mass on the
evaporation performance of GMS@HCDs without changing CDs content; e) The influence of
CDs concentration for preparing GMS@HCDs on its evaporation performance; f) The
changes of water evaporation mass and surface temperature over time for MS@H under one
sun; g) Water vaporization enthalpy values obtained by dark experiment and measured by

DSC; h) Raman spectra displaying the fitting peaks representing IW and FW in the
GMS@HCDs.

To assess the solar evaporation performance, the overall mass change with and without
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GMS@HCDs under one sun (1 kW m™?) irradiation was recorded. As shown in Figure 2a,
the steam generation with the GMS@HCDs was much faster than that of the MS and water
without the evaporator. An extremely high evaporation rate of 3.53 kg m 2 h™! was achieved
for GMS@HCDs, which was 2.6 times of that for pure water. Figure 2b (left) illustrated the
surface temperatures of GMS@HCDs and the water without GMS@HCDs relative to
irradiation time. Upon illumination, the surface temperature of the GMS@HCDs increased
from 22.5 to 47.5 °C within 750 s, and then reached the plateau region (~48.2 °C), which
indicated an energy balance of light-to-heat conversion and evaporation consumption. In
contrast, the MS and bulk water showed much lower steady temperature of 26.3 and 23.4 °C,
respectively, even after 1 h due to the poor light absorption of pristine MS and water. These
results verified the excellent solar-thermal energy conversion and heat localization of the
GMS@HCDs.

The corresponding thermal conversion efficiency (n) for solar-to-steam generation was

then assessed by the following formula */,

= e (1

 Coptdo
where m, Cop, qo represent the evaporation rate, optical concentration, solar irradiation
intensity, respectively. H. is the evaporation enthalpy of the water in the evaporator which can
be measured and calculated by the following equation 1?8!;

Heme = Hymy (2)
where Hoy, my refer to the evaporation enthalpy, the evaporation rate of bulk water, and me is
the evaporation rate of the evaporator (i.e., GMS@HCDs) in dark conditions, respectively.
They can be tested under the same conditions as shown in Supplementary Fig. 5. According to
the obtained H. value of GMS@HCDs, the solar-to-vapour conversion efficiency was
calculated to be 98.6% under one sun (Figure 2¢ and Table S1, Supporting Information).
So far, there are few solar evaporators reported previously had such excellent evaporation
performances 1% 28-40],

2.3 Reasons for High-Efficiency Solar Interfacial Evaporation

The superior water evaporation performance of the GMS@HCDs should be intimately
related to its material composition and microstructure. To investigate the effect of
photothermal materials, we initially controlled the content of rGO in GMS@HCDs without
changing other parameters, and then measured their evaporation rate under one sun irradiation.
As shown in Figure 2d, the optimum loading amount of rGO is 15 mg for the MS with a
dimension of 20 mmx20 mmx7.5 mm. Further increase in rGO amount led to a decrease in

evaporation rate. Similarly, it was found that the optimal content of CDs was 20 mg, while
7
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excessive CDs also gave rise to decreased evaporation performance (Figure 2e). To identify
the roles of the hybrid hydrogels of PSS and PVA, we further fabricated another control
sample (labeled as MS@H) without CDs and rGO and replaced GMS with MS. Unexpectedly,
the MS@H still displayed a high evaporation rate of 2.1 kg m > h™' under one sun (Figure 2f).
This anomalous phenomenon should be associated with hydrogel-enabled reduction in
vaporization enthalpy by increasing the content of intermediate water (IW) [%],

To verify water activation in GMS@HCDs, we further tested the vaporization enthalpy
of the water and the content of IW hosted in GMS@HCDs based on the equation (2) and by
the DSC *!! (Figure S9, Supporting Information). The results are well consistent (Figure
2g). Impressively, the vaporization enthalpy of water in GMS@HCDs is around 1,005 kJ kg,
which is about 41.3% of that of bulk water (2,432 kJ kg !). Similarly, since the CDs and rGO
contain abundant hydrophilic groups (e.g. -COOH, -OH), they should also be able to induce
higher proportion of IW and further reduce the vaporization enthalpy of water in
GMS@HCDs compared to MS@H. According to the Raman spectra in the region of O-H
stretching, the ratio of IW to free water (FW) of the water in the GMS@HCDs was 0.94
(Figure 2h), which was much higher than that of water in GMS (0.41, Figure S10,
Supporting Information). This suggests that both hydrogel (i.e., PSS and PVA) and
photothermal materials (i.e., rGO and CDs) in GMS@HCDs favor the formation of IW.
Besides, the contents of IW in GMS@HCDs can be tailored by adjusting the proportion of
PSS and PVA in hydrogels, leading to the variation in solar evaporation performance (Figure
S11, Supporting Information).

2.4 Salt-Rejecting Function and Durability in Brine
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Figure 3. Salt-rejecting function and durability in brine. a) The evaporation performance of
GMS@HCDs in wide ranges of salinity; b) Typical photographs of GMS@HCDs exposed for
continuous 10 h in 17.5 wt% NaCl solution under natural sunlight irradiance; ¢) The

durability of GMS@HCDs in 17.5 wt% NaCl brine.



The salt-rejecting performance of GMS@HCDs was evaluated in synthetic seawater
solution (i.e., NaCl solution) with salinity ranges from 0 to 21wt% (Figure 3a). It manifests
stable evaporation efficiency in different concentrations of NaCl solution due to the presence
of hydrogel coats, which possesses an intrinsic anti-salt-fouling ability by establishing an
equilibrium between water transport-induced salt ion absorption and diffusion-enabled salt
ion discharge ], No salt formation was observed on the surface of GMS@HCDs after
more than 10 h continuous testing with 17.5 wt% NaCl solution under natural sunlight
irradiation (Figure 3b), confirming its excellent self-regeneration function. Moreover, when
solid salts were added directly on the top surface of GMS@HCDs, they gradually dissolved
back to the bulk NaCl solution after merely 3 h under light irradiation (Figure S12,
Supporting Information). The rapid diffusion and convection between the top surface and
the bulk salt solution underneath can significantly avoid the formation of hypersaline solution
on the evaporation surfaces, contributing the salt-rejecting function of GMS@HCDs. In
addition, the mechanical stability of the salt-rejecting GMS@HCDs was examined by soaking
it in 17.5 wt% NaCl solution for 10 days under natural sunlight. By tracing its evaporation
performance every day and cycling use, neither structural degradation nor vapour generation
rate decay was noticed (Figure 3c and Figure S13, Supporting Information), confirming
the excellent mechanical and structural stability of the evaporator for long-term solar
evaporation-based desalination in brine.

2.5 Electric output performance of the evaporator

Since the GMS@HCDs are rich in functional groups and porous structure, and have
good electrical conductivity, it is possible to be applied as water evaporation-induced
electricity generator. To realize this, two small pieces (0.5%0.5 cm) of graphite electrodes
were stuck on the bottom and top surfaces of GMS@HCDs, respectively (Figure 4a). On
account of the effect of the GMS@HCDs thickness on proton dissociation and diffusion, we
first tested the GMS@HCDs with different thicknesses and identified the optimum value of
7.5 mm (Figure S14, Supporting Information). For simultaneous solar evaporation and
electricity generation, a regulated GMS@HCDs evaporation (20 mm>20 mmx7.5 mm) was
floated on the surface of real seawater collected from Bohai Sea. As expected, the
GMS@HCDs can continuously generate a voltage of 0.86 V and a current of about 407.20 pA
(101.80 pAe«cm™) along with a high water evaporation of 3.49 kgem™?+h" under one sun
irradiation (Figure 4b). The effective output power can reach 94.28 uWecm™ when the load
resistance is 5.80 kQ (Figure 4c¢) in 17.5 wt% NaCl solution under one sun, which is a very

high value among the evaporation-enabled power generation devices reported to date ['%:2!:24-
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2644551 (Figure 4d and Table S2, Supporting Information). Therefore, this evaporator is

capable of producing simultaneously great amount of clean water and electricity using solar

light and seawater.

a

5 ] China Bohai Sea

S o
A

T
S
w3y / eBuey) ssepy

Graphite

| GMS@HCDs

x5

Water

*: - r T 0
0 3000 6000 9000 12000
Time /s
¢ d c
L]
w 100] 17.5 wt% NaCl 10° 4 108 AL
£ 2 o
5} L] £ > IS
= 80 £y = 10 —" _,[reoC
= T = >1.00 o @
360 I A = 1014 = A 1202
Z # \ =) ) 2 £
g 40 SN T ] J 5 |« Sars0 2
b5 7 \ g & e s 5 & gos z
220 A 5o Q = B EQ 1 iz — 40
g |t 2 FPEPLELLL L | LR
P £ T 4 = = ?
i} il ¢1023555§§a§3’£a¢:§5553§ —_— "
100 100 100 10° &1 2 345 67 8 910111213 14151617 ' 0 315 7 10',5 |'4 1'),5 2'1
f Resistance / Q Re g References NaCl Concentration / wt%
8 1.8 600 12 600
Anion: CI”
g G o B o
26 Z 12 4005 > 08 4003
] E 2 3 2
g4 £ = E £
2 zal £ o6 2008 Eo04 2008
a U & (2] 2}
&5 g~ e =
o - . &
0.0 ) 0.0 — 0
0 35 7 105 14 175 21 o oef O ,-,o'a\\c()"qoa Oy o Na® s H Mgt Cat K

NaCl Concentration / wt% Anion Cation

Figure 4. Electric output performance of the evaporator. a) Schematic illustration of
electricity collection; b) The voltage and current output along with water evaporation change
of GMS@HCDs as a function of time in real seawater; ¢) Power density output of
GMS@HCDs in 17.5 wt% NaCl solution with variable electric resistance; d) Comparison of
power output from GMS@HCDs with known generators; e) The effect of the brine salinity on
the voltage and current output of GMS@HCDs; f) The dependence of the GMS@HCDs
resistance on the brine salinity; g) The effect of the anions on the voltage and current output
of GMS@HCDs; h) The effect of the cations on the voltage and current output of
GMS@HCD:s.

The effects of the cations and anions and their concentrations on electricity generation
capacity of GMS@HCDs were investigated systematically. Figure 4e showed the dependence
of open-circuit voltage and the short-circuit current density on the concentration of NaCl. The
induced voltage and current density exhibited initial ascending then descending variation
along with increasing NaCl concentration. The GMS@HCDs in 17.5 wt% NaCl solution

delivered the highest voltage output (0.972 V) and current density (172.38 pAecm™). The
10
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current density of GMS@HCDs in 21 wt% NaCl solution remarkably decreased. To uncover
the reason, the resistances of GMS@HCDs in NaCl solution with different concentrations
were measured. As shown in Figure 4f, the resistance rose abnormally at the concentration of
21 wt% NaCl, which was also verified by EIS spectra (Figure S15, Supporting
Information). This increased resistance gave rise to the decreased current density in 21 wt%
NaCl solution. More interestingly, the power generation of GMS@HCDs varied with the
kinds of cation and anion present in solution as well. With the same concentration of Na* ion,
it was found that the anions of OH", CO,* PO4* could significantly boost the electric output
of GMS@HCDs (Figure 4g). For example, the GMS@HCDs in 17.5 wt% NaOH solution
generated a maximum voltage of 1.44 V and a maximum current density of 376.41 pAecm™.

In contrast, most cations cannot improve the power generation of the evaporator when Cl™ ion

served as the anion in solution (Figure 4h).

2.6 The continuous electricity-generating mechanism
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Figure 5. The continuous electricity-generation mechanism. a) Schematic illustration of
water-enabled electricity generation in a GMS@HCDs without water evaporation; b)
Schematic illustration of evaporation-driven continuously electric generation in a

GMS@HCDs; ¢) The voltage responses to a brine droplet dripped on the surface of
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GMS@HCDs (Top) and the current responses of GMS@HCDs to light source switch; d)
Electric output performances of GMS@HCDs in different conditions (without illumination,
sealed the surface and submerged in water).

As a polyelectrolyte, PSS contains abundant sulfonated groups that can release mobile
protons in water (Figure 5a, bottom and Figure S6, Supporting Information). With water
feed into PSS, the protons will be dissociated from PSS and then diffuse along the water flow
direction driven by the proton concentration difference, leading to an internal electric field
and an output current (Figure 5a, middle). After water saturation in PSS, it is difficult to
confine protons in local IW region, where water molecules are endowed with a weaker
hydrogen bond than that of bound water (BW) and more liable to bond with the protons to
form H3O" ions. When the protons diffuse from IW to FW region, the mobility of protons is
completely released and causes their back diffusion under electrostatic interaction (Figure 5a,
top). Finally, the proton concentration gradient is eliminated, making the electric output
gradually decreases back to zero. Distinguished from these mechanisms and phenomena

24. 261 the electric signals of our evaporator did not disappear but

reported previously |
sustained throughout the solar evaporation processes over the GMS@HCDs. This implied that
the homogeneity of water molecules within the GMS@HCDs cannot be reached during the
evaporation process according to the reported power generation mechanism. During
interfacial solar evaporation, the IW with the lowest vaporization enthalpy is evaporated
preferentially on the top surface of GMS@HCDs (Figure 5b,). Therefore, the mobile protons
are forced to move back to the bottom and reverse dissociation reaction occurs due to the
reduction in IW (Step 1). As a result, the FW fills the space left by the evaporated IW (Step 2).
Thus, the dissociation and diffusion of the protons replay and then induce current and voltage
again (Step 3). Actually, this circular process is instantaneous and iterative during solar water
evaporation, thereby the electricity generation from GMS@HCDs can be sustained. To
examine the proposed persistent electricity-generating mechanism, a drop of water was placed
on the surface of GMS@HCDs during solar water evaporation. As expected, a visible
reduction in the output voltage followed by a gradual increase to the original level along with
solar evaporation was observed, indicating the presence of evaporation-driven proton
concentration difference (Figure Sc, top). Moreover, the output current from GMS@HCDs
significantly fluctuated with off-on light source, reflecting the contribution of solar
irradiation/evaporation on power generation (Figure Sc, bottom). To further illustrate the
mechanism, the GMS@HCDs was submerged in pure water, where the proton concentration

gradient cannot be formed in the GMS@HCDs due to the water saturation. As expected, no
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voltage output was detected (Figure 5d). In another case, the top evaporation surface of
GMS@HCDs was sealed to impede water evaporation. As a result, the voltage dramatically
dropped from 0.86 to <0.2 V, confirming that water evaporation promoted the continuous
power generation of GMS@HCDs (Figure 5d).

Molecular dynamics (MD) simulations were conducted to investigate the dissociation
reaction of sulfonated groups in the PSS-H>O system (Figure S16 and S17, Supporting
Information). A snapshot of the PSS-H>O system with a small amount of H>O molecules
showed that H' ions were mainly bonded with -SOsH (Figure S17a, Supporting
Information). Radial distribution function (RDF) and coordination number (CN) were
calculated to determine the coordination ability of H" with H,O and -SOs™ (Figure S17b,
Supporting Information). The sharp peaks located at 1.8 and 2.1 A were assigned to the
SOs3-H' and H>O-H", while the corresponding CNs were 0.73 and 2.03, respectively. When
PSS-H>0O system contained a large amount of HO molecules, the snapshot displayed that H"
ions were mainly combined with H>O (Figure S17¢, Supporting Information). The
calculated CNs of the SO3-H" and H,O-H" were 0.57 and 2.82, respectively (Figure S17d,
Supporting Information). MD simulated results indicated that the dissociation reaction of
sulfonated groups depended on the content of water in the system. Thus, the number of free
H" could be regulated with the number of changes of water molecules in the system, leading
to persistent power output during solar water evaporation processes. In addition, the
electrokinetic effect in GMS@HCDs during solar evaporation including proton transportation
and potential distribution in the transient and steady state, were investigated using a finite
element simulation based on Nernst-Planck equation and Poisson equations *¢->71 (Figure S18,
Supporting Information). Driven by solar evaporation, water flows from the bottom towards
the top evaporation surface. The simulated results (Figure S18a and Video S1, Supporting
Information) illustrated the changes in the proton concentration and potential distribution
across GMS@HCDs during the evaporation processes. For proton concentration distribution,
a large number of protons dissociated from PSS migrated with the water flow (i.e., advection),
moved upward and accumulated at the top surface to form a concentration gradient of proton
(Figure S18a, Supporting Information). Along with the change of proton concentration
distribution, the potential difference between the bottom and top surfaces gradually increased
and reached 0.82 V when the advection and diffusion of the protons reached the equilibrium
state after 30 mins (Figure S18b, Supporting Information), which was consistent with
experimental results. It is worth noting that the proton concentration distribution along the

vertical direction does not increase linearly, which could be ascribed to different
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concentration diffusion caused by the much higher evaporation rate on the top surface. The
simulation results also further validate the proposed persistent electricity-generating

mechanism of GMS@HCDs during evaporation processes.
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Figure 6. The influences of various ions on electricity-generation mechanisms. a) Schematic
illustration for the influences of NaCl solution on continuously electric generation in a
GMS@HCDs; b) Schematic illustration for the influences of NaOH solution on continuously
electric generation in a GMS@HCDs; ¢) Electric output performances of surface-sealed
GMS@HCDs in DI water, NaCl and NaOH solutions; d) The power generation test of
GMS@HCDs in NaOH solution for 20 days.

Water can effectively solvate salts to ions. After solvation, the proton concentration field
in GMS@HCDs will perturb the distribution of anions and cations in the hydration layer,
leading to the formation of an electrical double (ED) layer near the region of FW and IW
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(Figure 6a). Similar to continuous electricity generation mechanism, the IW vaporization
breaks the balance of the original double charge layer and subsequently pushes ions in ED
layer moving in the opposite direction to the proton concentration. Taking an example of
NaCl solute, the CI" ions in ED layer migrate from top to bottom under the attraction of Na*
ions (Step 1). After that, the FW accesses to IW region and enables more protons release once
again (Step 2). Thus, the CI ions tend to move back, but the IW rapidly evaporates again
(Step 3). Then a new circulation starts. Synchronously, the outer Na* ions neighbouring CI°
ion layer don't have time to adjust and then induce a local electric field in FW region that is
just consistent with the direction of the proton concentration potential. Consequently, the
solute-induced ion electric field can elevate the output electricity of GMS@HCDs. Compared
with NaCl, alkaline solutes such as NaOH, Na>COs3; and Na3;PO4, have an additional effect on
ion-electric-field formation. This is because they can accelerate the dissociation reaction of
sulfonated groups and/or even react with free protons, causing greater disequilibrium for
anions and cations in ED layer (Figure 6b and Figure S19, Supporting Information). Thus,
the ion electric field could be enhanced significantly and thereupon pulls up the whole power
output amount of GMS@HCDs. To verify this proposition, we sealed the surface of
GMS@HCDs in different solute solutions to limit water evaporation and measured the
corresponding voltage output. Lack of dynamic cyclic process induced by solar water
evaporation, the generated voltage of GMS@HCDs in 17.5 wt% NaCl solution becomes the
same as that in pure water (Figure 6c), proving absence of static ion electric field in
evaporator. However, the voltage of GMS@HCDs in NaOH solution remains at ~0.8 V
generated under the same sealed environment, indicating the effect of anions on ED layer by
interfering with the dissociation reaction of sulfonated groups (Figure 6c¢). Besides, after
undergoing for 20 days, the power generation performance of GMS@HCDs in NaOH
solution is still higher than that in NaCl solution and pure water (Figure 6d). This result
certified that the proton concentration field and its induced ion electric field are still present in
GMS@HCDs during solar evaporation.
2.7 Scalable integration of GMS@HCDs and application

The scalable integration of GMS@HCDs units is critical for control of high-
performance power output during solar interfacial water evaporation. The voltage and current
output of the integrated GMS@HCDs basically enhance linearly with the number of serial or
parallel units (Figure 7a). This power output is sufficient for running lots of commercial
electronic devices without the help of capacitors or rectifiers. Figure 7b shows an 8-digit

electronic calculator that can do arithmetic operations when powered by four GMS@HCDs
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units connected in series (Video S2, Supporting Information). Surprisingly, a high voltage
of 56.6 V is readily produced by connecting 60 units in series under one sun (Figure 7¢) and
can light a dozen of red LED bulbs (1.8 V, 2 mA; Figure 7d and Video S3, Supporting
Information). Most importantly, the stable power generation and evaporation rate were
achieved during the 10 day continuous test in 17.5 wt% NaCl solution with 1 sun irradiance
(Figure 7e), which is the best result ever reported for long-term power generation and solar
desalination in highly concentrated saline water. The condensed water quality was estimated
by the ohmic value achieved from a resistance measurement by a multimeter at a constant
distance between electrodes (Figure S20a, Supporting Information). The resistance value of
purified water is close to that of DI water (Figure S20b, Supporting Information),
confirming effective purification of brine % Moreover, GMS@HCDs is able to function
well under strong acid conditions (Figure 7f). It should be pointed out that the acidic
condition could suppress the dissociation of sulfonated groups, thus lowering the overall
power generation of GMS@HCDs. As shown in Figure 7g, the voltage output of
GMS@HCDs remained stable in a wide temperature range from 1 to 95 °C, while the
corresponding current output steadily increased with temperature rise due to acceleration of
free proton motion. All of the above results verified the excellent stability and broad

adaptability of GMS@HCDs.
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Figure 7. Integration and application of GMS@HCDs units. a) Electric outputs of
GMS@HCDs units connected in series and in parallel; b) Four PMEG units connected in
series capable of powering an electronic calculator for normal calculations; ¢, d) A high
output voltage of 56.6 V generated by connecting 60 units in series under one sun (c) and a
dozen of red LED bulbs were lighted (d); e-g) Stability and durability of electric generation
performance of GMS@HCDs in 17.5 wt.% NaCl solution (e), 3.6 M HCI solution (f) and the
temperature ranging from 1 to 95 °C (g).

3. Conclusion

We have presented a new type of bifunctional evaporator coupling with highly efficient
salt-rejection and continuous electric generation by rational design of the polyelectrolyte
hydrogel-functionalized photothermal sponge. This evaporator not only exhibits an
unprecedentedly high water evaporation rate of 3.53 kg m 2 h™! along with 98.6% solar energy
conversion efficiency, but also can uninterruptedly deliver a voltage output of 0.972 V and a
current density of 172.38 pAecm™ in high-concentration brine over a long period under one
sun of irradiation. Furthermore, GMS@HCDs units can be scaled up by simple parallel or
series connection to power a range of common electronic devices. Water evaporation from
GMS@HCD:s is the key for maintaining the proton concentration gradient and directional
transport within the hydrogel of PSS and PVA. The control experiments reveal that the water-
enabled proton concentration fields in IW region can induce an additional ion electric field in
FW region based on solute solvation, thus leading to the enhanced electricity output amount.
Given the low-cost materials, simple self-regeneration design, scalable fabrication process
and stable performance, this work offers a promising strategy for addressing the shortage
problem of freshwater resources and sustainable electricity.
4. Experimental Section
4.1 Sample preparation

First of all, MS blocks with a dimension of 20x20%x7.5 mm were cleaned with both
anhydrous ethanol and deionized water and then dried at 60 °C. Graphene oxides (GOs) were
prepared from natural graphite powders using the modified Hummer method 8. Colloidal
GO suspensions of different concentrations (5, 10, 15 and 20 mgemL™") were prepared by
dilution with deionized water. After that, the porous MS was completely immersed in GO
suspensions with different concentrations. After evaporating the solvent in the vacuum glow-
ovens (60 °C), the obtained GOs-wrapped MS was placed in HI solution (HI>45.0 wt.%) at

95 °C, and reacted for 40 s. Subsequently, the resultant samples were washed with anhydrous
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ethanol and deionized water for 3 to 5 times to remove residual HI. After drying, the samples
of GMS containing different masses of rGOs were obtained.

Coal-pitch-based CDs were obtained by selective oxidation etching of coal tar pitch with
a mixture of hydrogen peroxide and formic acid following our previous report %, Under
ultrasonic stirring, the different amounts of CDs were added in the same volume of PSS
solution to acquire PSS-CDs solution containing various concentrations of CDs (i.e. 10, 20,
30, and 40 mgemL'). Meanwhile, the different masses of PVA powders (0.5, 1, 1.5 and 2 g)
and 125 pL of glutaraldehyde were added into 10 mL DI water to obtain homogeneous PVA-
GA solution by heating at 90 °C for 2 h. Next, the GMS samples were firstly soaked into as-
prepared PSS-CDs solution and then taken out to dry at 60 °C for 30 min. The acquired dry
samples were immersed into PVA-GA solution to perform polymerization and cross-linking
for 10 min. After washing with DI water, the samples were frozen at -10~-20 °C for 4 h to
obtain GMS@HCDs
4.2 Sample characterization

The surface morphology and porous structure of the samples were observed on a
scanning electron microscope (Tescan Mira LMS). Absorption spectra were collected on a
UV-Vis-NIR spectrophotometer (Shimadzu UV3600) with an integrated sphere in the range
of 250-2500 nm wavelengths. X-ray diffraction (XRD) patterns were recorded on the X-ray
diffractometer (XRDynamic 500). The Raman spectra were recorded via a spectrometer
(Thermo Fisher DXR 2xi). The excitation light for the Raman emission was generated by a
YAG laser that had a single-mode operation at 532 nm. The evaporation enthalpies of the
samples were measured by differential scanning calorimetry (DSC Q2000, TA Thermal
Analysis Instruments). The electrochemical experiments were conducted with a
electrochemical workstation (Bio-logic SP 200, France). A multimeter (VICTOR201,
VICTOR Instrument) was used to test the resistance of the samples.
4.3 Solar water evaporation experiment

The samples with a dimension of 20 mmx>20 mmx7.5 mm were placed into a homemade
thermal-insulating foam floating on water in a cylinder container filled with enough water or
brine. A small hole was drilled in the bottom of the foam to provide a channel for cotton
threads to pump water. The setup was placed on an electronic balance for real-time recording
of the mass change of the solution in the setup, and the resultant data were collected to
calculate the evaporation rates according to the projection area. A solar simulator (CEL-
HXUV300, CEAULIGHT, China) with an AM1.5 G optical filter was used as the light source,

and the power density was measured by a power meter (China Education Au-light, CEL-
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NP2000, China). The temperatures of evaporation surfaces were tested using a dual-channel
thermometer (Xinster HT-9815).
4.4 Electric output measurement

The upper and bottom surfaces of the sample (20x20x7.5 mm) were connected with
graphite electrodes. The solar simulator with AM1.5G filter was used as the light source. The
device was connected to the electrochemical workstation (Bio-logic SP 200, France) for
monitoring the signals of electric output. To avoid any inference from the static electricity, all

the samples were short circuited before testing.
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Supporting Information is available from the Wiley Online Library or from the author.
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Polyelectrolyte Hydrogel-Functionalized Photothermal Sponge Enables Simultaneously
Continuous Solar Desalination and Electricity Generation without Salt Accumulation

Lin Li, Chaorui Xue, Qing Chang, Jinlong Yang, Shengliang Hu* and Haolan Xu*

1. Materials and Chemicals

Commercial porous melamine sponge (MS) was purchased from Ledian Furniture Company
of China without further treatment. Chemical reagents including HI, formic acid (88 v/v%),
concentrated sulfuric acid (98 wt%), concentrated phosphoric acid (85 wt%), glutaraldehyde
(GA, 50 wt% in the water) and anhydrous ethanol (AEA) were purchased from Damao
Chemical Reagent Factory, China. Graphite powders, hydrogen peroxide (H202, 30 v/v%),
polyvinyl alcohol (PVA, Mw ~75,000) and polystyrene sulfonic acid (PSS, Mw ~70,000)
were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd., China. All

chemical reagents were directly used without further purification.

2. Supporting Results

MS GMS GMS@HCDs

Figure S1. Photographs of MS, GMS and GMS@HCDs
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Figure S2. Photographs of GMS@HCDs floating on the water

Figure S3. SEM images: (a-c) MS; (d-f) GMS; (g-1) GMS@HCDs

25



A

10 15 20 25 30 35
26 / Degree

o L.

GMS@HCDs

Intensity / a.u.

Intensity / a.u.

5 15 30 45 60 75 90
20 / Degree

Figure S4. XRD patterns of MS@HCDs, GMS@H and GMS@HCDs
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Figure S5. Comparison of water adsorption of GMS (a) and GMS@HCDs (b)
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Figure S6. FTIR spectra of GMS, GMS/PVA, GMS/PSS and GMS@HCDs
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Figure S7. EIS plots of GMS@HCDs, GMS@H, MS@HCDs and MS@H in NacCl solution
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Figure S8. The photographs for two monoliths of GMS@HCDs showing more superior

electric conductivity properties than GMS and MS by applying the same voltage
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Figure S9. DSC curves of pure water, MS@H and GMS@HCDs
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Figure S10. Raman spectra displaying the fitting peaks representing IW and FW in the GMS
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Figure S11. The effects of the amount of PSS (a) and PVA (b) on the evaporation

performance of GMS@HCDs

Figure S12. Evaporation of anti-salt-fouling of GMS@HCDs with the presence of salt

crystalline (100 mg NaCl) initially under natural sunlight
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Figure S13. The cycling stability of GMS@HCDs in 17.5 wt.% NaCl brine
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Figure S14. The effects of the thicknesses of GMS@HCDs on its electric output
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Figure S15. EIS plots of GMS@HCDs in different concentrations of NaCl solution

Molecular dynamic (MD) simulations were applied to investigate the coordination
condition of H' in two considered PSS-H>O solution systems, denoted as S1 and S2. The
difference between S1 and S2 is the number of water molecules in simulations. For S1, the
box contained 10 PSS monomers and 317 H>O molecules, and for S2, the box was composed
of 10 PSS monomers and 1325 H>O molecules. All components were constructed into cubic
simulation boxes. All MD simulations were carried out by using COMPASS force field !/,
Van der Waals and Coulomb interactions were respectively considered by atom based and
Ewald methods with a cut-off value of 12.5 A. Equations of motion were integrated with a
time step of 1 fs. After energy minimization, each system was fully relaxed under periodic
boundary conditions for 400 ps in the NPT (P = 1 atmosphere, T = 298 K) ensemble using the
Nose thermostat and Berendsen barostat. After reaching the equilibrium state, another 400 ps
simulation under NVT ensemble was performed to extract trajectory and data for radial
distribution function (RDF) and coordination number (CN) calculation. The dynamic
trajectory for each system was outputted at an interval of 4 ps. The coordination number N of

H" in the first solvation shell was calculated as ©*':
N=dmpf™ g (r)ridr (S1)
in which Ru is the distance of the first minimum following the first peak in the RDF g(») and

p is the number density of H'.
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Figure S16. Atomic configurations of H,O and PSS.
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Figure S17. Molecular dynamic (MD) simulations. a, Snapshot of the MD simulation systems
with a small amount of H>O molecules (denoted as S1); b, The radial distribution function
and coordination number (CN) for S1; ¢, Snapshot of the MD simulation systems with a large
amount of H>O molecules (denoted as S2); d, The radial distribution function and

coordination number for S2.
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To study the electrokinetic phenomenon of GMS@HCDs for electricity generation
during solar evaporation, a three-dimensional geometric model corresponding to the actual
GMS@HCDs sizes was built for finite element simulation by coupling Nernst-Planck
equation and Poisson equations. For the Nernst-Planck equation, J; is the flux vector of the
ion concentration determined by the convective flux, concentration diffusion, and

electromigration flux !

]i =nu-— DiVni - %}I{JLV@ (S2)

b

where 7; is the proton concentration, u is the fluid velocity, D; is the diffusion coefficient, z; is
the valence, e is the elementary charge, kv is the Boltzmann constant, 7' is the temperature, and
¢ is the double electric layer potential. Based on the Gauss electrostatic theorem, the Poisson
equation is given [°!

V(er&Vp) = —peu = —F il zim (S3)

where & is the dielectric constant of the water, € is the permittivity of vacuum, pe is the
density of electrostatic charge, and F is the Faraday constant.

The two Equations can be numerically solved with the aid of COMSOL software so as to
determine the proton concentration and potential distribution. In the numerical simulation, the
surface charge densities of GMS@HCDs were -3e¢” C/m’ To facilitate simulations,
GMS@HCDs was idealized as a rectangular solid with a size of 20 x 20 x 7.5 cm. It is
assumed that our system can be quantitatively explained by the equations with appropriate
boundary conditions. The simulated temperature is 298 K, and the dielectric constant of the
water is 78. The bottom is ground. The diffusion coefficient of proton is 1e” m*/s. The proton

flux and potential at boundaries satisfies the condition,

#i-J;=0and #-D=0 (S4)
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Figure S18. The simulated distribution of (a) proton concentration

GMS@HCDs during solar evaporation
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Figure S19. Schematic illustration for the influences of Na3POs solution on continuously

electric generation in a GMS@HCDs

Purified
water

Figure S20. (a) Evaluation of water purity using a multimeter with a constant distance
between electrodes; (b) The tested results demonstrating a high purity of purified water,

similar to that of DI water.
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3. Supporting Tables

Table S1. Comparison of the evaporation rate and solar-to-vapor efficiency of various

evaporators reported previously.

No.  Evaporator  Photathermal EYRRAT SIS
(kgm?h™) efficiency (%)

1 Sponge PEG/GO 1.32 88 (6]
2 Hydrogels BiVO4+rGO 1.6 87 (71
3 Loofah Sponge PAAS 1.83 94.54 (8]
4 Loofah Sponge Co-MOF 1.93 98.5 1]
5 Sponges PPy+SBMA+DMSO 2.024 97.5 [10]
6 Sponge GO+PVA 2.04 93.5 [
7 Sponge CDs+starch aerogel 2.29 93.5 (2]
8 Sponge C+PVA+AM 233 84.73 [13]
9 Ni‘;lé‘ggrsﬁs CDs 25 96.45 [14]
10 Sponge Cuz-,S/S/rGO 2.58 95.57 (131
11 Sponge CDs/VAAFs 2.6 93.9 16l
12 PU Sponge Fe2(SO4);+PVP 2.8 94 17
13 Sponge rGO+SA 3.13 91.54 (18]
14 HNG Gel PPy+PVA 3.2 94 [19)
15 SpongeiPVA rGO@CDs 353 98.6 This
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Table S2. Comparison of power generation performances for various generators

Open circuit

Short circuit

Form of Area Power
No. Material 2 voltage current 2 Ref.
ater cm mW m
W (cmmr) v) wa) ¢ )
1 LDH Liquid = ¢ 0.6 1.8 0.075 [20)
Water
Liquid [21]
2 Carbon Black 27 0.53 105.57 0.094
Water
3 NieAlLpH ~ Hud g 0.7 19.5 0.12 22)
Water
Liquid (23]
4 MoS; Water 1 0.019 6.24 0.1932
5 Wood Liquid 1 0.2016 10.2 5.14 24)
Water
Wood- . [25]
6 WEG Moisture 1 0.57 77 5.7
PSS- . [26]
7 PVA@CDs Moisture 1 0.83 5.2 6
8 Biofilm Moisture ~ 0.25 0.45 0.375 10 (27]
9 3D rGO Liquid 12 0.63 609 17.4 (28]
Water
Loofah Liquid [29]
10 Membrane Water 1 0.2033 36 18.3
11 Microbial Moisture 1 0.390 354 50.7 1301
12 SHEs Moisture 4 0.4 880 60 (311
13 SiNWs Moisture 1 0.55 22 100 (32]
14 SA-8i0, Moisture 0.89 0.6 97.01 120 (331
-rGO
Porous Liquid [34]
15 Carbon Water 1 0.94 116.2 257
Wood . [35]
16 +CB Moisture 8 0.65 9600 270
PDMS- Liquid
17 CNT/ \;,g‘t‘;r 3.42 0.06 26000 400 [36]
CNC
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GMS@ Liquid 4 0.972 689.52 943 This

18 HCDs Water work
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