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Hydrogen-bond disruption in molecularly
engineered Janus evaporators for enhanced
solar desalination†

Jie Zhu, ‡a Dong Wu,‡a Xiayun Huang, *a Daoyong Chen ab and
Zhihong Nie *a

Hydrogels have emerged as effective evaporator platforms, significantly enhancing evaporation

rates by disrupting water’s hydrogen bond network. Here, we present an advanced strategy to

improve hydrogel evaporation performance by tailoring alkyl hydrophobic groups within biparental

polyelectrolyte-shell micelles grafted onto the polyvinyl alcohol (PVA) hydrogel surface. Poly(2-

(diethylamino)ethyl methacrylate) (PDEAEMA) quaternized with methyl iodide (MeI) or ethyl iodide (EtI)

formed the biparental polyelectrolyte shell, while poly(benzyl methacrylate) (PBzMA) constituted the

micelle core, creating BE-MeI and BE-EtI micelles, respectively. The molecularly engineered BE-MeI

micelles exhibited an optimized configuration of quaternary amines linked to hydrophobic groups,

achieving a synergistic balance between water attraction via electrostatic interactions and water

repulsion via steric hindrance. This configuration effectively disrupted the water’s hydrogen bond

network, lowering the water evaporation enthalpy to 1434 J g�1. The BE-MeI micelle-grafted PVA

hydrogel achieved a record-breaking evaporation rate of 4.1 kg m�2 h�1 under 1 sun irradiation,

surpassing prior benchmarks, including our previously reported poly(4-vinyl pyridine) quaternized by a

MeI system. Additionally, the grafted micelle layer exhibited a salt rejection ratio of 99.62%, ensuring

excellent desalination performance. The biparental polyelectrolyte-shell micelle grafting strategy

is broadly applicable across diverse hydrogel systems, representing a significant advancement in solar-

driven desalination technology.

1. Introduction

Solar-driven interfacial evaporation technology for desalination
provides a sustainable approach for producing fresh water from
seawater.1–7 Recent achievements have focused on developing
novel materials and structures to enhance the performance of
interfacial evaporators by efficiently harnessing solar energy
while minimizing heat loss.8–12 Among these, hydrogels, three-
dimensional polymer networks, have gained attention as pro-
mising evaporator platforms due to their high hydrophilicity,
rapid water transport capabilities, tunable structures and prop-
erties across multiple scales (from the molecular to the

macroscopic level), and their ability to accelerate water eva-
poration through interactions with water molecules.13–16 For
instance, the water evaporation rate using a polyvinyl alcohol
(PVA) hydrogel evaporator reaches 2.3 kg m�2 h�1 under 1 sun
(1 kW m�2 solar irradiation),17 compared to merely 0.3 kg m�2 h�1

of bulk water.18 This significant enhancement in water evapora-
tion is attributed to the hydrogel’s hydrophilic chains, which
disrupt the hydrogen bonding network of water, lower the water
evaporation enthalpy, and thereby improve water evaporation
efficiency.19–22

Our recent research has revealed that biparental groups on
the polyelectrolyte, specifically quaternized poly(4-vinyl pyri-
dine) with methyl iodide (P4VP-MeI), significantly disrupted
hydrogen bonds in water molecules, lowering the energy
required for evaporation and raising the evaporation rate.23,24

Technically, we developed an electric-field-driven polyelectro-
lyte grafting strategy to evenly and stably graft a monolayer of
polyelectrolyte-shell micelles onto the hydrogel, allowing their
responsive conformational changes under an electric field
to entangle with the hydrogel network. This strategy establishes
a Janus evaporator with a high-density polyelectrolyte layer
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on the evaporation surface, effectively lowering the chemical
potential and ensuring sufficient water supply. Consequently,
a record-breaking seawater evaporation rate was achieved in the
non-photothermal evaporator. Specifically, the polyelectrolyte-
shell micelle-grafted PVA hydrogel reached an evaporation
rate of 3.7 kg m�2 h�1 under 1 sun, surpassing the highest
previously reported non-photothermal evaporation rate by
1.5 times.25–28 Additionally, the concentrated polyelectrolyte
salt layer acted as an effective barrier to salt ions, achieving an
excellent salt rejection ratio. This strategy is universally applicable
to various hydrogel systems, including non-photothermal and
photothermal hydrogels, demonstrating its broad potential for
enhancing solar water evaporation performance.

In this work, we extended the biparental polyelectrolyte
system by covalently linking larger alkyl hydrophobic groups
to quaternary amines within the polyelectrolyte-shell micelles.
We investigated how the size and configuration of these
hydrophobic groups disrupt the surrounding water’s hydrogen
bond network and their influence on solar-driven water eva-
poration. Specifically, the micelles (BE-MeI or BE-EtI) consist of
poly(benzyl methacrylate) (PBzMA) as the core and quaternized
poly(2-(diethylamino)ethyl methacrylate) (PDEAEMA) with MeI
(or EtI) as a biparental polyelectrolyte shell. Using a previously
developed electric-field-driven polyelectrolyte grafting strategy,
BE-MeI (or BE-EtI) micelles were evenly and controllably grafted
onto PVA hydrogels.23,24 In the BE-MeI micelles, the quaternary
amine attracts water molecules via electrostatic interaction,
while the large hydrophobic group—composed of two ethyl
groups and one methyl group—repels water through hydro-
phobic steric repulsion. This synergistic effect allows for strong
interactions with water, effectively disrupting the surrounding
water’s hydrogen bonding network. However, enlarging the
hydrophobic group size to three ethyl groups (in the BE-MeI
system) did not further enhance the water evaporation rate. The
substantial steric hindrance increases the separation distance
between the polyelectrolyte and water, thereby weakening their
interaction. Moreover, a higher shell grafting density intro-
duces more interactive biparental side groups, increasing the
number of interaction sites with water. Consequently, the
BE-MeI grafted hydrogel, prepared using micelles with a high
shell grafting density, demonstrates a lower water evaporation
enthalpy of 1434 J g�1 and a record-breaking evaporation rate
of 4.1 kg m�2 h�1, compared to the BE-EtI grafted hydrogel
(3.7 kg m�2 h�1) with a similar micelle surface coverage and
shell grafting density and our biparental P4VP-MeI system
previously reported (3.7 kg m�2 h�1).23,24

2. Materials and methods
2.1. Materials

4-Cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPADB,
98%), 2-(dimethylamino)ethyl methacrylate (DEAEMA, 99%),
benzyl methacrylate (BzMA, 98%), 2,2-azobis(2-methylpropio-
nitrile) (AIBN, 98%), s-trioxane (99%), polyvinyl alcohol (PVA,
Mn = 88 000 g mol�1, alcoholysis degree = 99.8 mol%), methyl

iodide (MeI, 98%), ethyl iodide (EtI, 98%), and simulated sea-
water were purchased from Adamas. The monomers (DEAEMA
and BzMA) were purified by passing them through a basic
alumina column to remove the inhibitor. The initiator (AIBN)
was recrystallized from methanol. Other reagents were used as
received.

2.2. Synthesis of PBzMA-b-PDEAEMA

The diblock copolymer PBzMA-b-PDEAEMA (denoted as BE)
was synthesized via reversible addition–fragmentation chain
transfer (RAFT) polymerization. DEAEMA (11.7 g, 63 mmol),
CPADB (43 mg, 0.15 mmol), AIBN (2.5 mg, 0.015 mmol),
s-trioxane (0.285 g, 3.16 mmol), and 1,4-dioxane (38 mL) were
sequentially added to a 100 mL flask. After degassing under
argon flow, the solution was then heated at 70 1C for 24 h to
achieve 38% conversion (confirmed by 1H NMR), yielding the
macroinitiator PDEAEMA-CTA (Mn = 29.9 kg mol�1, PDI = 1.07)
after precipitation in hexane 3 times. Next, PDEAEMA-CTA
(1.5 mg, 0.05 mmol), BzMA (4.4 g, 25 mmol), AIBN (1.64 mg,
0.01 mmol), and s-trioxane (0.11 g, 1.2 mmol) were dissolved in
tetrahydrofuran (THF, 13.5 mL) and degassed under an argon
flow. The solution was then carried out at 70 1C for 24 h to
obtain the PDEAEMA-b-PBzMA-CTA diblock copolymer (Mn =
81.2 kg mol�1 and PDI = 1.18) with 58% conversion. To ensure
polymer stability during storage, the CTA of PDEAEMA-b-
PBzMA-CTA was removed by heating the polymer solution in
DMF with excess AIBN (nAIBN : nPBzMA-b-PDEAEMA-CTA = 50 : 1) in an
80 1C oil bath for 4 h. After precipitation in hexane 3 times, the
white powder of BE with a cleaved chalcogen chain end
was obtained, as confirmed by UV-Vis spectroscopy. The syn-
thetic route, 1H NMR, UV-Vis, and GPC results are shown in
Fig. S1 (ESI†).

2.3. Self-assembly and quaternization of BE micelles

BE micelles were prepared using a solvent/non-solvent method.
First, 6 mg of BE powder was dissolved in 6 mL of chloroform
(CHCl3) to form a BE solution. A certain amount of methanol
(MeOH) was then added dropwise to the BE solution at a rate of
3 mL h�1. After dialysis against MeOH 3 times, BE micelles in
MeOH were obtained. Subsequently, 200 mL of quaternization
reagent (MeI or EtI) was added to the BE micelle suspension in
MeOH, followed by heating at 40 1C for 48 h. After dialyzing
against water 3 times, BE-MeI or BE-EtI micelles in water were
obtained.

2.4. Grafting micelles to PVA hydrogels

The electric-field assisted micelle surface modification of the
PVA hydrogel was performed based on our previously reported
technique.23,24 The PVA hydrogel (18 wt%) was first prepared by
a solvent displacement method. The hydrogel was then placed
between the anode and cathode chambers of an H-shaped cell.
A 0.1 mg mL�1 micelle suspension in water was added to the
anode chamber, while a 0.001 M KNO3 solution was added
to the cathode chamber. A direct current electric field of
10 V cm�1 was applied for varying durations (30, 60, and
90 minutes) using a Keithley 2400 source meter. After the
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electric field was removed, the micelle-grafted hydrogel was
thoroughly rinsed with water.

2.5. Instrumentation

Transmission electron microscopy (TEM) was performed with a
Hitachi HT7800 in high-contrast mode. Scanning electron
microscopy (SEM) was carried out on a Zeiss Ultra55. Proton
nuclear magnetic resonance (1H NMR) spectra were recorded
on a 600 MHz Bruker AVANCE NEO. Gel permeation chroma-
tography (GPC) measurements in DMF were conducted with an
Agilent 1260 system. X-ray photoelectron spectroscopy (XPS)
analysis was performed using a Thermo Scientific K-Alpha
spectrometer equipped with a monochromatic Al Ka X-ray
source. Dynamic/static light scattering (DLS/SLS) measure-
ments were taken using an ALV/CGS-3 laser light scattering
spectrometer paired with an ALV/LSE-5004 multi-t digital time
correlator. Solar evaporation rates were measured under ambi-
ent conditions (25 1C, 45% humidity) using a custom-built solar
evaporation setup consisting of a Newport Oriel Sol3A solar
simulator, a Hikvision K20 thermal infrared meter, and a
Mettler Toledo AL204 electronic balance. Differential scanning
calorimetry (DSC) was performed using a TA Instruments DSC
250. Inductively coupled plasma mass spectrometry (ICP-MS)
measurements were conducted with an Agilent 7500ce.

3. Results and discussion
3.1. Preparation of BE-MeI micelles with different shell
grafting densities

The diblock copolymer PBzMA-b-PDEAEMA (BE) was synthe-
sized following the procedures illustrated in Fig. S1 (ESI†).
First, the PDEAEMA160-CTA macroinitiator with a polydispersity
index (PDI) of 1.07 was synthesized by RAFT polymerization.
The PDEAEMA160-CTA was then chain-extended with BzMA to
produce PDEAEMA160-b-PBzMA291-CTA (PDI = 1.18, Mn,TH =
81.2 kg mol�1, Mn,GPC = 76.3 kg mol�1). To assure the polymer’s
stability during storage, the CTA of PDEAEMA160-b-PBzMA291-
CTA was removed by a radical reaction with AIBN as the
initiating species, as evidenced by the disappearance of the
306 nm in the UV-Vis spectra (Fig. S1, ESI†).29,30 Afterwards, BE
micelles were prepared using a solvent/non-solvent method
(Fig. 1a). BE was first molecularly dissolved in the common
solvent chloroform (CHCl3). Micelle formation was subse-
quently introduced by gradually adding methanol (MeOH) to
the BE solution. When the MeOH/CHCl3 volume ratio reached
3 : 1, the micelles were rapidly quenched by adding micelle
suspension to excess MeOH. In the micelles, the aggregated
PBzMA block chains form the core, while the PDEAEMA block
chains form the shell. The shell-forming PDEAEMA block
chains were then fully quaternized with methyl iodide (MeI),

Fig. 1 (a) Schematic illustration of the preparation of PBzMA-b-PDEAEMA (BE) and BE-MeI micelles and the Tyndall effect of BE-MeI micelle suspen-
sion in water. (b) N 1s XPS spectra of BE and BE-MeI micelles. (c) TEM images of BE and BE-MeI micelles. (d) DLS traces of BE-MeI micelles with
different shell grafting densities (Qn, n = 1–4) in water. (e) Zimm plots of Q1 micelles in water. (f) Inner and outer shell grafting density of Qn (n = 1–4)
micelles.
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confirmed by the completely nitrogen peak shift from 398.5 eV
(attributed to the nitrogen in the tertiary amine) to 401.5 eV
(attributed to the nitrogen in the quaternary amine) (Fig. 1b).31,32

After dialysis against water, highly charged polycationic BE-MeI
(denoted as Q1) micelles with a zeta potential of 51 mV were
produced (Fig. S2, ESI†). The quaternization of PDEAEMA intro-
duced substantial electrostatic repulsion between charged Q1
micelles, preventing the micelle aggregation during drying in the
TEM sample preparation (Fig. 1c). Moreover, both BE and Q1
micelles had a spherical shape and consistent core size of 63 nm
(Fig. 1c and Fig. S3, ESI†); the micelles’ shell is of a low contrast
and thus invisible in the TEM images. This suggests that
quaternization of the shell-forming PDEAEMA block chains does
not alter the core size and aggregation number of the micelles.
Dynamic and static light scattering measurements show that Q1
micelles have an average hydrodynamic diameter (hDhi) of
125 nm (PDI = 1.13) in water (Fig. 1d) and an average aggregation
number (Nagg, number of polymer chains in the micelles derived
from the Zimm plot) of 688 (Fig. 1e). Therefore, the inner shell
grafting density, representing the density of shell-forming block
chains on the micelle’s core, was calculated to be 0.055 nm�2,
while the outer shell grafting density, representing the density
of shell-forming block chains on the micelle’s periphery, was
calculated to be 0.014 nm�2 (Fig. 1f).

Since MeOH continuously drives PBzMA aggregation during
micelle formation, both the Nagg and shell grafting density of
micelles increased by gradual addition of MeOH.33,34 As the
MeOH/CHCl3 volume ratio increased from 0.5 : 1 to 1 : 1, 2 : 1
and 3 : 1 (denoted as Q4, Q3, Q2, and Q1, respectively), the core
of the micelles increased from 48 nm (Q4) to 58 nm (Q3), 60 nm

(Q2), and 63 nm (Q1) (Fig. S4, ESI†). Further increasing the
MeOH/CHCl3 volume ratio from 3 : 1 to 4 : 1 does not increase
micelle core size (Fig. S5, ESI†), indicating that the PBzMA core
begins to freeze, which prevents additional polymer chains
from entering the micelles. Accordingly, Nagg of micelles
increase from 281 (Q4) to 434 (Q3), 521 (Q2), and 688 (Q1)
(Fig. 1e and Fig. S6, ESI†). DLS curves showed that hDhi of
micelles increased from 95 nm (PDI = 1.11, Q4) to 99 nm (PDI =
1.14, Q3), 119 nm (PDI = 1.16, Q2), and 125 nm (PDI = 1.19, Q1)
(Fig. 1d). Therefore, the inner shell grafting density increased
from 0.039 nm�2 (Q4), 0.041 nm�2 (Q3), 0.046 nm�2 (Q2), and
0.055 nm�2 (Q1), while the outer shell grafting density
increased from 0.010 nm�2 (Q4), to 0.011 nm�2 (Q3),
0.012 nm�2 (Q2), and 0.014 nm�2 (Q1), respectively (Fig. 1f).

3.2. Grafting micelles to the hydrogel surface via an electric
field

We start with the Q1 micelle with the highest inner and outer
shell grafting density (Fig. 1f). Driven by an electric field, the
highly charged polycationic Q1 micelles were firmly grafted
onto the surface of PVA hydrogel via extensive shell-forming
chain entanglement.23,24 Due to the strong electrostatic repul-
sion between Q1 micelles, a distinct distributed monolayer of
micelles stayed on the PVA hydrogel, as observed by the cryo-
microtome TEM image (Fig. 2a). By extending the electric field
grafting time from 30 min to 90 min, the micelle surface
coverage of the resultant micelle-grafted hydrogel (named
Q1-X, where X represents for the electric-field grafting time in
minutes) continuously increased (Fig. 2b). The average nearest-
micelle distance,35,36 the minimum distance between adjacent

Fig. 2 (a) Cross-sectional cryo-microtome TEM image of Q1-60 and the corresponding schematic illustration of a monolayer of micelles on a hydrogel.
(b) SEM images of Q1 micelles on a PVA hydrogel surface. The micelle surface coverage increased by extending the electric field grafting time from
30 min to 90 min. (c) Nearest-micelle distance, and (d) micelle surface coverage of Q1-30, Q1-60 and Q1-90.
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dispersed micelles, was 124 nm (PDI = 1.42) for Q1-30, 92 nm
(PDI = 1.35) for Q1-60, and 68 nm (PDI = 1.28) for Q1-90
(Fig. 2c). As a result, the micelle surface coverage, calculated
by dividing the projected micelle area by the hydrogel’s surface
area, increased from 22.7% (Q1-30), to 51.8% (Q1-60), and
92.9% (Q1-90) (Fig. 2d).

3.3. Solar water evaporation under 1 sun

To evaluate the solar water evaporation performance, both the
PVA hydrogel and micelle-grafted hydrogels floating on water
were subjected to solar radiation under 1 sun using the setup
shown in Fig. 3a. As water evaporated from the evaporator’s
surface, the mass change over time for all evaporators exhib-
ited a linear relationship at a rate of 3.1 kg m�2 h�1 for Q1-30,
4.1 kg m�2 h�1 for Q1-60, and 2.4 kg m�2 h�1 for Q1-90, which is
significantly higher than those of pure water (0.33 kg m�2 h�1) and
the PVA hydrogel (1.5 kg m�2 h�1) (Fig. 3b). Q1-60 with a micelle
surface coverage of B50% showed the lowest equilibrium tem-
perature (33.5 1C) at the hydrogel surface and highest water
evaporation rate during solar water evaporation (Fig. 3b and c).
The lowest equilibrium temperature was attributed to the rapid
evaporation of surface water molecules to effectively dissipate
localized heat. Accordingly, Q1-60 demonstrated the highest eva-
poration efficiency of 79%, as estimated by conventional dark room
experiments (Fig. 3d and Note S1, Fig. S7, ESI†). As the micelle
surface coverage increased, the surface area expanded significantly
by 42% for Q1-30, 125% for Q1-60, and 208% for Q1-90 compared
to the PVA hydrogel surface (Fig. 3d). This increase provides a larger
surface area beneficial for solar water evaporation. However,
despite Q1-90 exhibiting the highest surface area, its evaporation

rate and efficiency were lower than those of Q1-60. This
reduction is attributed to the high surface coverage of PBzMA
core’s hydrophobic regions (92% for Q1-90), which restricted
adequate water supply to the surface.

According to the literature,13 intermediate water (IW), pro-
duced by disrupting a certain number of free water (FW)’s
hydrogen bond networks, evaporates more efficiently, and a
higher IW/FW ratio is always associated with a faster evapora-
tion rate. In the polyelectrolyte, quaternary amine attracts water
molecules through electrostatic interaction, whereas the large
hydrophobic group—comprising two ethyl groups and one
methyl group—repels water via hydrophobic steric repulsion.
The high density polyelectrolyte, radially distributed on the
shell, adopted a stretched conformation via electrostatic repul-
sion between the polyelectrolyte chains. This structures ensures
adequate exposure of biparental side groups to water, enhanc-
ing interaction and water adsorption efficiency.23,24 As the
micelle surface coverage increased, the IW/FW ratio increased
from 1.6 (Q1-30, B20%) to 3.7 (Q1-60, B50%) (Fig. 2d and 3e).
Further increasing the micelle surface coverage to 90% results
in the formation of the overlapping polyelectrolyte chains
between adjacent micelles. Although the concentrated polyelec-
trolyte layer rapidly absorbs water from the hydrogel to the
surface, the overlapping polyelectrolyte chains between adja-
cent micelles hinder their extensive interaction with water. This
reduces the IW/FW ratio and water evaporation enthalpy,
ultimately limiting the evaporation rate (Fig. 3e). Consequently,
Q1-60 exhibited the lowest water evaporation enthalpy of
1434 J g�1, significantly lower than that of PVA (2200 J g�1)
(Fig. 3f). Therefore, an optimized micelle surface coverage of

Fig. 3 (a) Schematic illustration of the solar water evaporation system. (b) The mass change of water over time. (c) The equilibrium temperature at the
hydrogel surface and bulk water. Insert images are the IR images of the equilibrium temperature of Q1-60. (d) The surface area enhancement and
evaporation efficiency of Q1-30, Q1-60 and Q1-90. (e) Differential scanning calorimetry (DSC) curves showing the fitting peaks representing IW and FW
in Q1-30, Q1-60 and Q1-90. (f) The water evaporation enthalpy of water in Q1-30, Q1-60 and Q1-90.
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B50% maximizes the solar water evaporation rate and effi-
ciency by effectively disrupting hydrogen bonds in the water
network.

To investigate the effect of micelles’ polyelectrolyte shell
grafting density on solar water evaporation, BE-MeI micelles
with varying shell grafting densities (Q1, Q2, Q3, and Q4) were
grafted onto the hydrogels at a fixed grafting time of 60 minutes
to achieve a consistent micelle surface coverage of B50%
(Fig. 4a and b). Accordingly, the surface area enhancement
for Q1-60 to Q4-60 is 125%, 118%, 112%, and 110%, which are
close to the averaged value of 116% (Fig. 4b). Since the poly-
electrolyte shell-forming chains extend radially outward from
the core, the inner shell grafting density represents the highest
local polyelectrolyte salt density, which is crucial for facilitating
efficient water supply. In the BE-MeI micelles, Q1 exhibits the
highest inner shell grafting density of 0.055 nm�2. As men-
tioned earlier, the biparental polyelectrolytes in the micelles’
shell adopted a stretched conformation, ensuring adequate
exposure of biparental side groups to water. A higher shell
grafting density introduces more interactive biparental side
groups, increasing the number of interaction sites with water.
This enhanced number of interactions effectively disrupts
hydrogen bonds in the water network. Consequently, Q1, with
the highest number of interactive sites, enabled Q1-60 to achieve
the highest evaporation rate (4.1 kg m�2 h�1), the highest IW/FW
ratio (3.7) and lowest water evaporation enthalpy (1434 J g�1)
(Fig. 4c–e).

To understand the superior efficiency of BE-MeI in disrupt-
ing the hydrogen bonds in the water network, we synthesized
three types of micelles: BE (with a pKa of 7.0–7.5,37 partially
quaternized in water), BE-MeI (fully quaternized with MeI),

and BE-EtI (fully quaternized with EtI). These micelles all have
the same grafting density as Q1, which is equivalent to BE-MeI
in this context. The molecular states of water, BE, BE-MeI, and
BE-EtI in pure water systems, were analysed using molecular
dynamics (MD) simulations (Fig. 5a and Note S2, ESI†). For
simplicity, the simulation focused solely on the interaction
between the polyelectrolyte chain and water. Compared to
pure water, the average number of hydrogen bonds (H-bond)
decreased significantly by the introduction of polymer chains.
Quaternizing the tertiary amine groups in PDMAEMA with
MeI (BE-MeI) or EtI (BE-EtI) further enhanced hydrogen bond
disruption through a synergistic effect: the quaternary amine
attracts water molecules electrostatically, while the hydropho-
bic groups that covalently linked to the amine cause steric
hindrance, repelling water molecules. This combined disrup-
tion reduced the average number of H-bonds to 0.93 per water
molecule (Fig. 5b). Consequently, the kinetic energy of water
molecules, reflected by the diffusion coefficient, increased. The
diffusion coefficient of water molecules increased from 2.6 �
10�9 m2 s�1 in pure water to 3.1� 10�9 m2 s�1 in the BE system,
and further to B8.4 � 10�9 m2 s�1 in the BE-MeI and BE-EtI
systems (Fig. 5c and Fig. S8, ESI†).

Furthermore, the interaction energy between the polyelec-
trolyte and water was calculated (with more negative values
indicating stronger interactions) to explore the influence of the
size and configuration of the alkyl groups on the quaternized
PDEAEMA. The interaction energies between water–water and
BE–water were �6.26 kcal mol�1 and �5.87 kcal mol�1, respec-
tively. Upon quaternization, the interaction between the polymer
and water was significantly enhanced due to the electrostatic
interaction between the N+ in the quaternary amine and water

Fig. 4 (a) SEM images of Qn (n = 1–4) micelles on the PVA hydrogel surface. The electric field grafting time was fixed at 60 min. (b) The micelle surface
coverage and chain grafting density of Qn-60 (n = 1–4). (c) The evaporation rate of micelle-grafted hydrogel evaporators by varying shell grafting density
of micelles. (d) DSC curves showing the fitting peaks representing IW and FW in Qn-60 (n = 1–4). (e) The water evaporation enthalpy of water in Q1-60,
Q2-60, Q3-60 and Q4-60.
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molecules (Fig. 5d). In the BE-MeI system, the N+ in the
quaternary amine is linked to the hydrophobic group consist-
ing of two ethyl groups and one methyl group, exhibiting the
strongest interaction with water, with an interaction energy of
�14.99 kcal mol�1. When the hydrophobic group consists of
three ethyl groups (as in the BE-EtI system), the interaction
between the polyelectrolyte and water (�12.28 kcal mol�1) is

weakened. This is because the configuration of three ethyl
groups hinders the N+–water interaction, as evidenced by the
longer interaction distance of 5.98 Å in the BE-EtI system,
compared to 4.19 Å in the BE-MeI system. Stronger interactions
between the polyelectrolyte and water (BE-MeI system) suggest
a greater capacity for disrupting hydrogen bonds in water.
The Raman peaks at 3233 cm�1 and 3401 cm�1 correspond to

Fig. 5 (a) A simulation snapshot of BE-MeI in water. (b) Average number of hydrogen bonds and (c) diffusion coefficient of water molecules in four
systems: water to water/BE/BE-MeI/BE-EtI. (d) Optimized molecular structures showing interactions between water and water/BE/BE-MeI/BE-EtI, along
with the corresponding interaction energies. (e) Raman spectra of water, BE-MeI micelles, and BE-EtI micelles in water at a concentration of 0.1 mg mL�1.
(f) IW/FW ratio, (g) water evaporation enthalpy of water shown in DSC curves, and (h) evaporation rate of BE, BE-MeI, and BE-EtI micelles grafted PVA
hydrogel (electric field grafting time is fixed at 60 min).
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strongly hydrogen-bonded water molecules, while those at
3514 cm�1 and 3630 cm�1 are associated with weakly hydrogen-
bonded water molecules.13 As shown in Fig. 5e, the content of
weakly hydrogen-bonded water molecules increased by B95%
when BE-MeI micelles were introduced to water, indicating that
the hydrogen bonds in water were significantly disrupted. When
the BE-MeI micelles were replaced with BE-EtI micelles, the
content of weakly hydrogen-bonded water molecules decreased
by B40%, suggesting a reduction in hydrogen-bond disruption.
Accordingly, the BE-MeI system exhibited a higher IW/FW ratio
and a lower water evaporation enthalpy, when the micelles were
grafted onto the hydrogel (Fig. 5f and g). As a result, the BE-MeI
system (Q1-60) has a higher water evaporation rate of 4.1 kg m�2 h�1

(Fig. 5h).

3.4. Durability of the evaporator

We further evaluated the durability of the Q1-60 evaporator in
simulated seawater. When Q1-60 was exposed to the simulated
seawater for continuous 24-hour evaporation under 1 sun, all
the mass change over time curves demonstrated a good linear-
ity; the 1st and 24th hour mass change over time curves are
shown in Fig. 6a (inert image). The evaporation rate consis-
tently maintained at a high value with slight fluctuation over
time—from 4.0 kg m�2 h�1 in the 1st hour to 3.9 kg m�2 h�1 by
the 24th hour—indicating potential for long-term desalination
(Fig. 6a). Consistent with previous studies, Q1-60 displayed

excellent salt rejection capabilities via a concentrated quater-
nized PDEAEMA salt barrier, as evidenced by a two-order-of-
magnitude decrease in the concentrations of four primary ions
in simulated seawater (Na+, Mg2+, K+, and Ca2+) (Fig. 6b). The
ion rejection ratio, calculated as the total ion concentration in
the desalinated water divided by that in the simulated seawater,
showed only a slight decrease from 99.62% in the 1st hour to
99.50% by the 24th hour, both of which meet international
drinking standards.38 Additionally, a 5-day-night cycle evapora-
tion test in simulated seawater was conducted to confirm the
evaporator’s stability under simulated day-night cycles under
1 sun for 9 hours each day. As shown in Fig. 6c and d, the
evaporation rate of Q1-60 remained above 3.8 kg m�2 h�1, with
a total daily evaporation rate approaching 35 kg m�2 day�1,
while the ion rejection ratio remained above 99.49%, demon-
strating excellent cycling evaporation performance.

4. Conclusions

We have prepared two biparental polyelectrolyte-shell micelle-
grafted hydrogel systems by covalently linking larger alkyl
hydrophobic groups of varying sizes and configurations to
quaternary amines within the polyelectrolyte shell: (1) quatern-
ary amine linked to two ethyl groups and one methyl group
(BE-MeI system), and (2) quaternary amine linked to three ethyl
groups (BE-EtI system). Among these, the BE-MeI micelles

Fig. 6 (a) The evaporation rate of Q1-60 during 24 h evaporation test in simulated seawater under 1 sun and (b) the salinity of desalination after 1 h and
24 h evaporation test. (c) Mass change curves, evaporation rate and (d) ion rejection ratio of Q1-60 in simulated seawater during the 5-day-night cycling
experiment, with 9 hours of exposure to 1 sun every day.
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exhibited an optimized size and configuration, achieving a
synergistic balance between water attraction via electrostatic
interactions and water repulsion through steric hindrance.
This synergistic effect allows for strong interactions with
water, effectively disrupting the surrounding water’s hydrogen
bonding network, lowering the water evaporation enthalpy to
1434 J g�1. Conversely, enlarging the hydrophobic group to
three ethyl groups introduced significant steric hindrance,
increasing the separation distance between the polyelectrolyte
and water, weakening their interaction and raising the water
evaporation enthalpy. As a result, the BE-MeI micelle-grafted
hydrogel system demonstrated superior performance, achieving
an exceptional evaporation rate of 4.1 kg m�2 h�1 under 1 sun
irradiation with a 99.62% salt rejection ratio. This biparental
polyelectrolyte-shell micelle grafting strategy is broadly applic-
able across diverse hydrogel systems, representing a significant
advancement in solar-driven desalination technology.
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