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Our increasing water demand has been an ongoing critical challenge due to water usages in areas such as in-
dustrial, agriculture, and domestic household. Conventional water production faces challenges, such as high
investment, energy consumption, and brine discharge that may be unsustainable in the future. Solar steam
generation (SSG) has been recently proposed by many researchers due to their sustainable and green water
production method. Here we demonstrated the use of simple manufacturing and low-cost dual-layer hydrogel
(DLH) system containing a double network of positive charged poly-[2-(acryloyloxy)ethyl] trimethyl ammonium
chloride (PAETAC) and polyvinyl alcohol (PVA) bottom layer for fast water transport, as well as a broad light
absorbing and heat generating PVA/graphene oxide (GO) top layer for fast water evaporation. As a result, the
DLH was able to generate a high 3.12 kg m~2 h~! water evaporation with 92% efficiency under 1 sun (kW m~2)
exposure. Furthermore, this DLH design allows for a safe and passive anti-salt and bacterial property due to
PAETAC cationic chain, eliminating 99% salt and bacteria via Donnan repulsion and electrostatic interaction

without the need of sunlight exposure.

1. Introduction

Water demand has been on a 1% per annum incline due to factors
such as industrial, agriculture, and domestic water usage. Conventional
water production systems such as thermal and membrane distillation are
still our current solution towards countering the water demand. How-
ever, considering the high initial investment, high maintenance cost,
and waste footprint that are caused by these systems may not be sus-
tainable in the future [1,2]. Solar steam generation (SSG) is considered
as an emerging technology to alleviate the water crisis due to its low-cost
and clean water production. This is achieved through naturally heating
photothermal materials (PTMs) absorbed water via sunlight for fresh-
water evaporation to occur [3]. Throughout many studies, the
commonly used PTMs can be categorized into plasmonic metal nano-
particles, inorganic semiconductors, conjugated polymers, and carbon
materials due to their high optical properties [4-6].
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Despite this, there has been many challenges that occur throughout
the development of SSG systems. One example of this is dealing with
conductional and convectional heat loss between the SSG and bulk
water [2,7,8]. As a result, most of the systems experienced an energy loss
throughout the water evaporation process and therefore may reduce its
evaporation efficiency [9-11]. Recent studies have suggested many
insulative designs which can localized or isolate the heat generated for
water evaporation [12,13]. One demonstrated insulating strategy can be
seen in dual-layer systems. For example, Zhang et al. utilized a hydro-
philic carbonized pulp foam material to reduce both conduction and
convectional heat loss [14]. Besides carbonized hydrophilic insulators
[15,16], PTM coating can also be used to produce dual-layer SSG [17,
18]. An example of this can be seen in Meng et al. carbonized ZIF-8 PTM
coating on top of a water absorbing and heat insulating wood sponge
[19]. In addition, salt and bacterial filtration are another important
factor to consider in freshwater production due to the major concerns
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that it could affect human health [2]. Salt filtration via SSG has been
extensively discussed and have shown promising results of salt elimi-
nation in freshwater production [1,3,20]. However, there still lies a
challenge in dealing with salt accumulation on a PTM surface. This could
lead to a loss of light absorbing ability that can cause a reduction of
evaporation efficiency [21]. Furthermore, bacterial filtration has been a
challenge in conventional water treatment methods such as coagulation,
flocculation, and chlorination. This is because of the existence of bac-
teria’s viable but nonculturable (VBNC) state where some bacteria has
the ability to be resuscitated while maintain its pathogenic nature when
dormant [2]. Many SSG studies came to addressed this challenge via
reactive oxygen species (ROS) or metallic nanoparticles ion. However,
these approaches require active sunlight to disinfect bacteria activities.
Additionally, the use of metallic nanoparticles may result in metallic ion
leaching towards the bulk water which could result in detrimental
health side effects [22-27].

To further address these challenges, we developed a novel dual-layer
hydrogel (DLH) SSG system containing a positively charged bottom
layer and a top light absorbing graphene oxide (GO) PTM layer with
purpose of producing a future clean water production system. The
combination of bottom layer allows for further heat insulation to avoid
conductional/convectional heat loss towards the bulk water. In addi-
tion, the positively charged bottom layer also brings an affordable,
passive, and safe approach to salt- and bacteria-filtration properties to
the SSG due to the Donnan repulsion effect [28] as well as the strong zeta
potential it possesses. As a result, this DLH system was able to generate
an impressive 3.12 kg m~2 h™! water evaporation with 90% efficiency
under 1 sun simulation. In addition, the SSG demonstrated salt-resistant
and filtration property with a stable 15-cycle, and exhibited a significant
bacterial resistance towards the pathogen Pseudomonas aeruginosa.

2. Materials and methods
2.1. Materials

All reagents including polyvinyl alcohol (PVA, Mw: 89-98 kDa), [2-
(acryloyloxy)ethyl]trimethyl ammonium chloride (AETAC, 80 wt% in
H,0), N,N-methylenebis(acrylamide) (BIS, 99%), N,N,N’,N-tetramethyl
ethylenediamine (TEMED, 99% aqueous solution), ammonium persul-
fate (APS), glutaraldehyde (GA, 25% aqueous solution), graphene oxide
(GO) were purchased from Sigma-Aldrich and used without further
purification.

2.2. Synthesis of dual-layer hydrogel (DLH)

A semi-interpenetrating network comprising of PVA and PAETAC
was synthesized as following: a specific amount of BIS powder was
dissolved in 80 wt% AETAC solution to form different concentration
PAETAC solutions. A certain amount of 10 wt% PVA solution was then
added to each of these PAETAC solutions, followed by the addition of 75
pL of TEMED catalyst. These mixtures were polymerized by adding 1 mL
of dissolved 100 mg APS initiator to form the bottom layer. For the top
layer, 5 mL of 10 wt% PVA solution was thoroughly mixed with 5 mL of
1 mg/mL GO solution. Subsequently, 125 pL of 25 wt% GA was added to
the PVA/GO mixture. These mixtures were quickly placed on top of each
bottom layer network before it fully gelled. To catalyze the gelling
process, 250 pL of 1 M HCl was added drop-wise onto the top layer. The
obtained DLHs were then heated at 60 °C for 30 min. After heating, the
DLHs were cooled to room temperature and frozen overnight, followed
by freeze-drying them for 2 days.

2.3. Characterization
The frozen dried DLHs microstructure was captured by using Zeiss

Supra 55VP scanning electron microscope (SEM).
Fourier-Transform infrared (FTIR) spectroscopy spectra of PVA,
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AETAC, GO, and DLHs were taken by SHIMADZU MIRacle 10 single
reflection ATR accessory to demonstrate the hydrogels chemical
content.

Absorption spectra of PVA, PVA/GO, and DLHs were recorded by
Cary 7000 Universal Measurement ultraviolet-visible-near infrared
(UV-VIS-NIR) spectrophotometer between the range of 200-2500 nm.

The vaporization enthalpies were studied using Q600 SDT Thermal
Analyzer (DSC-TGA) and NETZSCH DSC 300 Caliris (DSC). Desalinated
water collected from seawater evaporation was analyzed with Agilent
7900 ICP-MS.

2.4. Solar steam generation

Water evaporation experiments and freshwater collection were
conducted using a laboratory solar light simulator (NBeT HSX-F3000
xenon light source) calibrated to 1 sun irradiation (<1 kW m’2) under
the setting of an inhouse built cabinet box. Solar light simulator was
turned on approximately 20 min in advanced for the surrounding tem-
perature to hit equilibrium before conducting water evaporation
experiment. Water evaporation mass loss was measured by an analytical
balance (OHAUS Pioneer IC-PX124) with a sequential recording of every
4 min. Hydrogel’s surface temperature was captured and recorded using
a thermal camera (Fluke PTi120) for every 5 min. Similarly, freshwater
collection is done by evaporating a collected coastal seawater and highly
concentrated (2x) seawater under the same circumstances. The vapor-
ized freshwater was collected via a glass jar to be ICP.

2.5. Bacteria killing study

In order to evaluate the bactericidal efficiency of the hydrogel, a
time-kill study was conducted against Gram-negative pathogen Pseu-
domonas aeruginosa ATCC 27853. Briefly, a single bacterial colony was
cultured in 10 mL of Mueller-Hinton Broth (MHB) at 37 °C with 180 rpm
shaking overnight. Subsequently, the overnight culture was diluted 1:10
in Phosphate-Buffered Saline (PBS) and 10 pL of the diluted bacterial
solution was slowly dropped onto the surface of the hydrogel which was
placed in a 6-well microplate (Costar, Corning). A negative control was
also included wherein 10 pL of bacterial droplet was dropped into an
empty well of the 6-well microplate. The plate was incubated for 1 h at
37 °C, before adding 2 mL of PBS into each sample well. The plate was
then subjected to ultrasonication (150 W, 40 kHz) for 20 min to detach
the bacteria from the surface. The viability of bacteria cells was deter-
mined by a drop plate method where the planktonic cells were serially
diluted in PBS and plated onto Luria Bertani agar. After 24 h of incu-
bation of 37 °C, bacteria colonies were counted and colony forming unit
(CFU) analysis was performed. The assay included two replicates and
were repeated in two independent experiments.

3. Results and discussion

The DLHs were synthesized using a 2-pot method, consisting of a
semi-interpenetrating bottom layer and a top PTM layer (Scheme 1). The
bottom layer was developed and tested with various mixture percent-
ages of PVA and PAETAC (Supplementary Table 1). Notably, we first
prepared a pristine PAETAC gel, however it was fragile due to its high
swelling ratio. The introduction of high molecular weight PVA can
significantly improve the mechanical robustness of the PAETAC network
as well as the compatibility with the top layer. For the top PTM layer, a
mixture of 10 wt% PVA and GO was thoroughly mixed and then care-
fully placed on top of the bottom layer, and gel formation was induced
by adding crosslinker GA solution in the presence of HCl. Finally, the
DLHs were heated at 60 °C for 30 m, followed by freeze-drying process.
The chemical components of the resulting DLHs and control sample
were listed in Table 1.

SEM analysis was conducted on both the top and bottom layers of the
prepared DLHs to examine their microporous structure. As shown in
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Scheme 1. Schematic illustration of the preparation of dual-layer hydrogel.

Table 1
Summary of the chemical components of the DLHs.

Entry  Bottle layer (wt%) Top layer (wt Vaporization enthalpy (J

%) g h

DLH1  3%PVA/5%PAETAC 10%PVA/GO 1602

DLH2  3%PVA/10%PAETAC 1650

DLH3  10%PVA/5%PAETAC 1443

DLH4  10%PVA/10% 1532
PAETAC

H5 n/a 2094

Fig. la and b, both DLHs cross-sectional top and bottom layers exhibited
numerous porous microchannels, facilitating a rapid water absorption
and evaporation rate via capillary effect [29]. Moreover, the bottom
layer also displayed significant surface roughness highlighted in Fig. 1c,
contributing to increased hydrophilicity and improved water absorption
capacity. Furthermore, DLHs hydrogel black top layer has a high surface
roughness (Fig. 1d), which enhances light absorption, resulting in good
photothermal performance.

In addition to the hydrogel porous microchannels, hydrophilic
groups contained within the polymer matrix such as hydroxyl groups

d.

from PVA, ammonium groups from PAETAC, and carboxyl groups from
GO are a major contributor in increasing water absorption/transport
capability [3,30-32]. The presence of hydrophilic groups can be
observed in Fig. 2a, where the O-H stretching at 3292 cm ™! indicates the
presence of the PVA hydroxyl group in both top and bottom layers.
Additionally, the 3029 cm™! peak in bottom layer (PVA/PAETAC) can
be attributed to the N-H stretching of ammonium of PAETAC [3,30,31].
In addition, the observation of C=0 stretching at 1732 cm™! indicates
the presence of PAETAC in the bottom layer [30,31,33]. Moreover, the
C-H bend at 1433 cm™! reveals the presence of PVA/PAETAC alkane
vibrations [30,31]. Lastly, the C-O stretching at 1088 em~! can be
observed in both top and bottom layers, indicating the characteristic
presence of PVA [3,34,35]. The UV-VIS-NIR spectra in Fig. 2b provides
compelling evidence of the broad light absorption capability of the top
layer of DLHs. As seen, the PVA/GO top layer exhibits extensive light
absorption across the UV to IR region, efficiently harnessing a significant
amount of light energy and converting it into heat [2]. In contrast, the
PVA/PAETAC bottom layer demonstrates low light absorption and pri-
marily near the FIR range. This distinction in light absorption is note-
worthy as it directly impacts the temperature generated by the top layer
under steady state. Specifically, the top surface reaches high

Fig. 1. (a) Cross-sectional microporous structure of both DLH bottom and (b) top layer. (c) Bottom and (d) top surface structure containing surface roughness and

microporous structure for water and vapor transfer.
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Fig. 2. (a) FTIR and (b) UV spectra of top and bottom layer of DLH hydrogels. (¢) DLH3 and H5 surface temperature generated and (d) average temperature dif-
ference between surface temperature with the surrounding bulk water throughout 1 h water evaporation under 1 sun.

temperatures relatively quickly, achieving a qualitative increase in
temperature within approximately 10 min. The maximum temperature
observed an average of approximately 40 °C as shown in Fig. 2c. Besides
generating an impressive thermal surface temperature, DLH3 also
contain a dual-layer heat management insulation to reduce the amount
of heat loss towards the bulk water as demonstrated by the temperature
difference between surface and bulk water shown in Fig. 2d.

In this study, we tune the concentrations of PVA and PAETAC, and
obtained DLH with variable vaporization enthalpy as shown in Table 1
and Fig. 3a. The DSC results (Supplementary Fig. 1) demonstrated all
DLHs and H5 contain lower vaporization enthalpy compared to pure
water due to PVA, PAETAC, and GO hydrophilic groups as shown by the
FTIR results previously. The hydrophilic groups contained in both DLHs
and H5 leads to the intermediate water content presence in the gel
matrix as shown by the Raman spectra in Supplementary Fig. 3. This

2500

Q

Vaporization Enthalpy (J.g") *

2000

1500

1000

DLH1 DLH2 DLH3 DLH4 H5 Water

therefore allows for water evaporation in the form of small clusters of
water molecules, lowering the vaporization enthalpy as less energy is
needed to break the water molecule bonds [2,36,37]. As demonstrated
in Fig. 3b, when we increased the concentration of PAETAC, the ob-
tained DLH displayed enhanced water absorption capability (aka.
swelling ratio). In addition, the half-swollen time which signifies the
water transport rate throughout water evaporation process reduces as
PAETAC concentration increases. This may be the result of DLH over-
saturation as PAETAC absorbs water too rapidly, resulting in higher free
water content and vaporization enthalpy due to the limited intermediate
water content. Despite this, the results indicate the promising potential
of these hydrogels in water retention and release applications. Inter-
estingly, we observed that the DLH3 with 10%PVA/5%PAETAC bottom
layer content appeared to strike an optimal concentration balance be-
tween a low vaporization enthalpy and efficient water absorption rate.

o

Half Swollen Time (min)
(,.uiw B) yodsues] s

DLH1

DLH2 DLH3  DLH4 H5

Fig. 3. (a) Comparison of DLHs, H5, and theoretical bulk water vaporization enthalpy at 100 °C. (b) Tuneable water absorption capability of DLHs compared with H5

absorption characteristic.
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As shown by Fig. 4a, all water evaporation performances were ob-
tained through solar steam generation (SSG) experiment. This procedure
involves recording the water mass loss caused by the light exposure
under constant illumination of 1 sun (1 kW m?). The solar light
simulator was turned on 20 min prior to conducting SSG. To prevent any
excess bulk water evaporation, polystyrene foam was strategically
placed to cover the exposed water surface area during ongoing SSG for
both H5 and DLH hydrogels. As demonstrated in Fig. 4b and c, the H5
and DLH hydrogels were able to demonstrate a significant increase in
water evaporation compared to the control consisting of just pure water.
This is mainly due to their low vaporization enthalpy as discussed pre-
viously, allowing for easy water evaporation. Moreover, DLH hydrogels
water evaporation rate as shown in Fig. 4c showed a similar trend to-
wards its vaporization enthalpy and water absorption capability shown
in Fig. 3a and b, demonstrating the correlation between these three
factors. Noticeably, DLH 3 generated the highest water evaporation rate
of 3.12 kg m~2 h™! with an impressive 92% solar to thermal conversion
efficiency. As shown in Supplementary Equation 3, DLH3 high conver-
sion efficiency is due to its previously discussed high thermal generation
management, as well as its optimal balance between low vaporization
enthalpy and fast water absorption rate contributes to its high conver-
sion efficiency as discussed previously. Moreover, DLH3 water evapo-
ration performance was significantly higher than other recent dual-layer
hydrogels performance as shown in Fig. 4d.

Desalination and stability testing was conducted using both standard
and double (2x) concentrations of local coastal seawater from Sydney. In
the experimental setup as shown in Fig. 5a, the DLH3 hydrogel was
configured similarly to the SSG experiment as described earlier. DLH3
hydrogel was subjected to 1 sun exposure and contained within a glass
container to capture desalinated vapors for 1-h cycle. Remarkably,

DLH3 consistently achieved desalination of normal seawater
Solar Light Simulator
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IR Camera
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concentration, exhibiting a rate of 2.17 kg m 2 h™! over 15 desalination
cycles, as shown in Fig. 5b. After each cycle, DLH3 was cooled down to
room temperature. Furthermore, no salt accumulation was observed
throughout the desalination cycles. This impressive salt rejection capa-
bility of DLH3 can be attributed to the Donnan repulsion affect poten-
tially induced by the PAETAC cationic groups [2]. This salt rejection
property allows DLH3 to filter over 99% salts (Na*, Mg?", K*, and
Ca2™"), thereby generating freshwater that surpasses the WHO drinking
water standard [38].

DLH3 antibacterial study was carried out using the Gram-negative
pathogenic bacterium Pseudomonas aeruginosa, commonly found in
agricultural soil, and known for its potential cause of range of lung
diseases [39,40]. Upon exposure to this pathogen, DLH3 was subjected
to a 1-h incubation at 37 °C. The results were striking, showcasing
DLH3’s robust antibacterial property, eliminating over 99% of the
pathogenic bacteria, as quantified by the CFU count in Fig. 5e. This
remarkable antibacterial performance is also attributed to the PAETAC
cationic groups. The PAETAC positively charged chains can induce
electrostatic interactions with gram-negative bacterial membranes,
facilitating membrane penetration and subsequently triggering bacterial
death [41-45]. This innovative antibacterial approach offers the distinct
advantage of passive bacterial filtration around the clock, independent
of external factors such as sunlight or UV exposure, setting it apart from
conventional SSG systems [22,23]. Furthermore, DLH3’s synthesis
process maintains a cost-effective edge over other systems that rely on
intricate nanoparticles for antibacterial effectiveness. Additionally,
DLH3 is a safer alternative as it avoids metal ions contamination
released by the metallic nanoparticles used for antibacterial mechanism
[24-271].
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4. Conclusion

In pursuit of a versatile water filtration application, a ground-
breaking DLH hydrogel was meticulously designed. This is achieved by
the combination of upper layer heat generation management containing
broad light absorption PTM, insulated by a fast water absorption bottom
layer. The balance between having both robust mechanical structure of
these layers and water absorption capability was strategically achieved
through the PVA encapsulation of both GO PTM and high water-
absorbing PAETAC. The optimized DLH3 was able to outperform other
dual-layer SSG systems with an impressive water evaporation rate of
3.12 kg m~2 h™! with an efficiency of 92% solar to thermal conversion
due to its high thermal generation management, low vaporization
enthalpy, and fast water absorption. Moreover, DLH3 was able to
demonstrate its primary purpose of versatile water filtration application
due to its salt resistant and outstanding antibacterial property caused by
the positively charged PAETAC bottom layer.
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