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Photocatalytic hydrogen production by water splitting is considered one of the most promising green hydrogen
manufacturing technologies, but the actual outdoor deployment of this technology is limited by the availability
of water feedstocks in geographical locations. An integrated device consisting of a photocatalytic layer and an
atmospheric water harvesting material that can achieve in-situ photocatalytic water vapor splitting for hydrogen
production by spontaneously capturing moisture from the air as a water feedstock is proposed herein. The in-
tegrated system has excellent photocatalytic and photothermal synergistic ability, low hydrogen diffusion
resistance by interfacial photocatalysis, and high stability by isolating salts contamination. The system can
achieve a hydrogen production rate of 425.4 umol g~ h™! and a water vapor supply rate of 0.121 kg m 2 h!
under one sun illumination, and has a water vapor adsorption rate of 0.03 kg m~2 h~! under dark conditions in
the laboratory. Furthermore, this hybrid device obtains a total hydrogen production of up to 3963.1 pmol g ! in
the real outdoor daytime and accomplishes water regeneration within 10 hours by capturing environmental
moisture at night. This work provides a suitable solution for hydrogen production in areas with water scarcity or
drought.

1. Introduction PHE systems has recently exceeded 9 % [16], the actual outdoor

deployment of PHE systems is still restricted by geographical availability

As an effective substitute for traditional carbon-based fossil energy,
hydrogen (Hy) energy is an ideal fuel to reduce carbon emissions and
environmental pollution[1-3]. Solar-driven hydrogen evolution by
water splitting is a very promising green hydrogen production method,
which has been widely favored [4-6]. Compared with photo-
electrochemical cells [7] and photovoltaic-assisted electrolyzers [8],
photocatalytic hydrogen evolution (PHE) technology has obvious ad-
vantages such as system simplification, cost-effectiveness, and high
safety [9-11]. In the past period of time, extensive efforts have been
made to improve the performance of photocatalysts materials through
band gap engineering [12], heterostructure design [13],
dual-cocatalysts construction [14] for enhancing the conversion effi-
ciency of solar to hydrogen (STH) [15]. Although the STH efficiency of
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of water feedstocks. In order to overcome the limitation of using pure
water as raw materials in traditional PHE systems, recent researchers
have tended to develop systems that use untreated water feedstocks such
as seawater or industrial wastewater to drive the photocatalytic water
splitting process [17-19], but few studies have focused on the operation
of PHE systems in areas without access to liquid water sources.
Atmospheric water, as a ubiquitous natural water source [20] and
accounting for about 10 % of the freshwater resources on the earth’s
surface [21], provides a promising opportunity to capture moisture from
the ambient air [22-24]. Atmospheric water harvesting (AWH) is
regarded as an effective method for supplementing freshwater resources
in water-stressed or arid regions [25-27], which can provide an effective
avenue to achieve sustainable water supply for water-deficient PHE
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systems. Typically, sorption-based AWH can use various hygroscopic
materials (e.g., metal-organic frameworks (MOFs) [28-30], zeolites
[31], and porous hydrogels with hygroscopic salts [32-34]) to sponta-
neously adsorb water molecules from the air and release water vapor
driven by solar-thermal energy [35-37]. Furthermore, in most PHE
systems, only high-energy photons in the ultraviolet band of sunlight can
drive the water splitting reaction, and a large number of visible and
infrared band photons are absorbed and not utilized, which will be an
ideal energy source to drive the desorption process of sorption-based
AWH system for producing water vapor. Moreover, photocatalytic
water splitting by gas-phase water vapor has been verified to have lower
energy requirements because gaseous water has a lower Gibbs free en-
ergy, while water vapor without any impurities can maintain the
long-term activity and lifetime of the photocatalyst [38-40]. Hence,
solar-driven AWH coupled with a PHE system may break through the
technical bottleneck that the current PHE system cannot work in rural,
desert and arid areas with abundant solar energy and ubiquitous
moisture.

To address the geographical limitations of the water supply chain in
the PHE system, this article will propose an integrated AWH-PHE device
that can obtain water feedstocks from moisture in the environment and
provide water vapor to photocatalysts for Hy production without addi-
tional energy consumption except for solar energy. The hybrid system
consists of a top Pt-TiO/PTFE sheet acts as a photocatalytic layer to split
water vapor from the AWH module to generate Hy and a bottom CaCl,-
PAAm hygroscopic hydrogel under the photocatalytic layer serves as a
AWH material to capture the ambient moisture. The Pt-TiOo/PTFE sheet
can fully harness the entire solar spectrum that breaks down water vapor
to generate Hy through absorbed ultraviolet light and generates heat
through absorbed visible and infrared light to drive the bottom hydrogel
to release water vapor in the daytime. The CaCly-PAAm hygroscopic
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hydrogel can spontaneously absorb water vapor from the surrounding
environment through breathable Pt-TiO,/PTFE membrane to realize
self-regeneration at night. The solar-driven AWH-PHE device will be
demonstrated to produce Hy by using moisture from the air under both
laboratory and real outdoor environments. This work will provide a
promising route to produce green Hy fuel using solar energy and at-
mospheric moisture anywhere.

2. Results
2.1. Design concept of the hybrid AWH-PHE device

Solar energy and moisture are ubiquitous on Earth, even in remote
arid or desert regions. A moisture harvesting strategy is designed to
provide water vapor for in situ photocatalytic hydrogen production by
attaching the PHE module to the top surface of the AWH module. Among
them, the PHE module is mainly composed of Pt-TiO, photocatalyst and
porous PTFE hydrophobic membrane, and the photocatalyst is uni-
formly attached to the surface of the hydrophobic PTFE membrane by
vacuum filtration. The AWH module is mainly composed of a CaCly-
PAAm hygroscopic hydrogel and acrylic mould, and the hygroscopic
hydrogel is formed by ultraviolet photopolymerization in the acrylic
mould.

Fig. 1 shows the basic working principle of the hybrid AWH-PHE
device. During the daytime, the sunlight is absorbed by the Pt-TiOy/
PTFE sheet, where the absorbed low-energy photons in the visible and
infrared light bands are mainly converted into heat to drive water
evaporation inside the hygroscopic hydrogel to generate water vapor,
while the absorbed high-energy photons in the ultraviolet light band
decompose the water vapor from the bottom AWH module to produce
Hy on the Pt-TiOy catalyst surface. It is worth noting that this
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Fig. 1. The working principle of the hybrid AWH-PHE device for capturing moisture from the air to generate H, by solar-driven water splitting.
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hydrophobic porous PTFE membrane has good hydrophobicity (Fig. S4),
which only allows water vapor molecules to pass through, while Ca2*
and Cl  ions inside the hydrogel cannot reach the upper surface of the Pt-
TiO4 catalyst to reduce its catalytic activity. During the night, the hybrid
system is opened and exposed to the surrounding atmosphere, and then
the water vapor in the air is spontaneously absorbed into the surface of
the hygroscopic hydrogel through the upper hydrophobic PTFE mem-
brane because the partial pressure of water vapor in the environment is
higher than that of the hygroscopic hydrogel in a dehydrated state.
Moreover, the hygroscopic hydrogel has good hydrophilicity and can
ensure the rapid transport of water vapor after adsorption (Fig. S5).

2.2. Synthesis and characterization of the photocatalytic material and
sorbents

The fabrication process of the Pt-TiO,/PTFE photocatalytic sheet and
the CaCl,-PAAm hygroscopic hydrogel is shown in Fig. 2a. Firstly, Pt-
TiO; catalyst powders are dispersed by ultrasonic vibration to form a
suspension, then it is uniformly attached to the surface of hydrophobic
porous PTFE membrane by vacuum filtration, and finally dried to form
Pt-TiO5/PTFE composite membrane as a photocatalytic layer. Acryl-
amide (AM) monomer precursor with CaCl salt is injected into a self-
made acrylic mould, and in-situ polymerized in the mould under ul-
traviolet irradiation to form the CaCly-PAAm hygroscopic hydrogel. As
shown in Fig. S6, the CaCly,-PAAm hydrogel could be stretched up to 2-3
times its original length, which shows that it has sufficient mechanical
strength.

The physical photos and corresponding SEM images of the Pt-TiOy/
PTFE composite membrane and the hygroscopic hydrogel are displayed
in Fig. 2b. The SEM images of the top Pt-TiOy/PTFE composite mem-
brane reveal that the PET support layer at the upper surface of PTFE
membrane uniformly adhered a layer of Pt-TiO, catalyst particles.
Meanwhile, the lower surface of PTFE membrane exhibits an obvious
interconnected porous network with an average pore diameter of around
0.22 pm. The SEM images of the bottom CaCly-PAAm hygroscopic
hydrogel clearly display its 3D porous structure with a pore diameter of
approximately 5-25 pm. These interpenetrating porous networks can
provide channels for the rapid water transportation after adsorption and
ensure sufficient water storage.

The EDS elemental maps on the surface of PTFE further prove that Pt,
Ti, and O elements are uniformly distributed on its surface, demon-
strating that there are a large amount of catalysts on the surface of hy-
drophobic membrane which could be used for photocatalytic reactions
(Fig. 2c). The absorption rate of Pt-TiO2/PTFE composite membrane in
the whole solar spectrum band from 300 to 2500 nm is as high as 80.8 %
(weighted by AM 1.5 G), indicating that the membrane has good
photocatalytic-photothermal effect (Fig. 2d). Fig. 2e shows the tem-
perature distribution of the integrated AWH-PHE device after
15 minutes of irradiation under one sun. It can be seen that the
maximum temperature region is concentrated on the surface of the
photocatalytic layer and reached up to 45 °C, which is almost 20 °C
higher than the ambient temperature. This heat localization phenome-
non can effectively improve the water desorption rate from the hygro-
scopic hydrogel and increase the temperature of photocatalytic water
vapor to achieve higher STH conversion efficiency. The long-term limit
of water loss for hygroscopic hydrogels of 35 wt% and 45 wt% CacCl, can
reach 2.36 kgm 2 and 1.60 kg m~2 under one sun for 10 hours,
respectively (Fig. S9). This demonstrates that the water content of hy-
groscopic hydrogels with different CaCl, concentrations can meet the
water supply under long-term high-intensity irradiation.

2.3. Indoor performance test
The Hy production performance and water harvesting capacity of

this integrated AWH-PHE device are first evaluated in the laboratory
(Fig. S10). Fig. 3a shows the structural schematic diagram of the
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measurement system. A solar simulator is used to provide stable solar
radiation flux, and the surface temperature and mass changes of the
hybrid device are recorded by a K-type thermocouple connected to the
acquisition card and an electronic balance, respectively. The amount of
Hj produced by the integrated device is collected by a micro injection
needle and injected into the gas chromatograph for quantitative cali-
bration. Fig. 3b shows the comparison of Hy evolution performance
between our proposed interfacial photocatalytic water vapor system and
traditional volumetric photocatalysis system under one sun illumina-
tion. Due to its higher reaction temperature and lower hydrogen diffu-
sion resistance, the hydrogen evolution rate in interfacial photocatalysis
system (425.4 pmol g1 h™?!) is 1.43 times higher than that of volumetric
photocatalysis system (296.9 pmol g~! h™1). Fig. 3c and Fig. 512 show
the effect of Pt loading on hydrogen production rate and water
desorption rate. When the Pt loading increases from 1.5 mol% to 6 mol
%, the hydrogen production rate first increased and then decreased
slightly, while the water desorption rate always increased. This is
because the increase of Pt content will improve the solar absorption
capacity of the TiO; catalysts, and appropriate increase of Pt content can
provide more active sites for the activation of water molecules [41].

The content of CaCly in hygroscopic hydrogel will affect the water
desorption and adsorption rate, thus affecting the hydrogen production
performance of the system. As shown in Fig. 3d, when the mass fraction
of CaCl; in the hygroscopic hydrogel increases from 35 % to 45 %, the
water desorption rate decreases from 0.121 kg m 2 h ™! t0 0.092 kg m 2
h~! under one sun illumination, while the water vapor adsorption rate
increases from 0.03kg m 2 h™! to 0.057 kg m 2 h™! in dark ambient.
This is mainly because as the CaCl, concentration increases, the evap-
oration enthalpy and vapor adsorption capacity of water in hydrogel will
be improved. Delightedly, the hydrogen production rate of the hygro-
scopic hydrogel with 50 % CaCl, mass fraction is only about 25.5 %
lower than that of hydrogel with 30 % CaCly mass fraction (Fig. S13), so
the CaCly concentration can be increased to adapt to the environmental
conditions in low humidity areas such as deserts or droughts. The
hydrogen production and water desorption performance of the hybrid
system under 0.8-1.2 sun illumination (i.e., 800 W m 21200 Wm™2)
are then evaluated using a hygroscopic hydrogel with 35 wt% CaCl,. As
the solar irradiation flux increases from 0.8 sun to 1.2 sun, the steady-
state temperature of the photocatalytic layer in this system increases
from 50.43 °C to 63.87 °C (Fig. 3e). These experimental temperature
results are consistent with the predicted results of established theoretical
model (Fig. 3f and see details in SI-20), and an energy balance analysis of
the AWH-PHE system is shown in Fig. S14. Fig. 3g shows the variation of
hydrogen production over time under different solar intensities. The
hydrogen production rate under 1.2 sun is as high as 506.5 pmol g~}
h~!, which is 46.1 % higher than the hydrogen production rate under
0.8 sun (346.7 pmol g~* h™1). This is mainly attributed to higher reac-
tion temperature and vapor concentration, which will accelerate the
photocatalytic reaction rate. The increase in solar intensity will enhance
the overall hydrogen production rate, which is also predicted through
numerical simulation (Fig. 3h). When the 1.5-hour hydrogen production
experiment under simulated sunlight is completed, the device is opened
and exposed to the same external atmospheric environment for moisture
absorption. The moisture absorption regeneration time after irradiation
under 0.8 sun, 1 sun, and 1.2 sun were 2.38 h, 5.12 h, and 7.51 h,
respectively (Fig. 3i), which indicates the feasibility of using ubiquitous
atmospheric water sources to supply the photocatalytic hydrogen pro-
duction system. Moreover, the hybrid system can also work normally
and stably under lower solar intensity of 0.5 sun (Fig. S15).

2.4. Environmental adaptability and durability assessment

In order to assess the environmental adaptability of the AWH-PHE
device, the Hy production performance at different ambient tempera-
tures is tested under one sun illumination (Fig. 4a). The Hy production
rate gradually improves from 332.1 pmol g "1 h™! t0 609.1 pmol g ' h~!
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Fig. 2. Synthesis and characterization of the photocatalytic sheet and the sorbent. a, The preparation process of the Pt-TiO,/PTFE photocatalytic sheet and the CaCl,-
PAAm hydrogel sorbent. The photocatalytic sheet is closely attached to the upper surface of the hydrogel sorbent. b, Optical and SEM image of the Pt-TiO,/PTFE
layer and CaCl,-PAAm hydrogel. ¢, EDS elemental maps of the as-prepared Pt-TiO, photocatalyst on the surface of PTFE membrane. d, The absorption spectrum of the
photocatalytic layer in the solar wavelength range. e, Infrared thermal imaging from the hybrid AWH-PHE device after 15 minutes of irradiation under one sun.



L. Huang et al.

Nano Energy 128 (2024) 109879

| giecti 2
a , injection E 750 C':'\ 540 - 03 &
S Interfacial photocatalysis = -l | o
Laptop P Volumetric photocatalysis o s ! ‘ E cEn
Gas' g TE) : o 1 ? &,
chromatograph 9 5001 -’ 3 360 EX 0.2 %
Solar ) ® e i) A~ c
simulato; " | TC card é \ g o] T .§
\,‘; = 2504 5 180 0.1 &
o = 2
J 8 = ] S
Hydrogen = A o~ vl @ o
Temperature & o T o~ 2
Humidity meter generator_‘ Balance OOAO 5_ 10 15 T 0 15 3 45 6 "l 2
d e Time (h) f Pt content (mol%)
- 800 0.0 80 0.8 sun 60°C
o
"
3 {029 60
=)
6. c 5
T 400 g 3
< z g 1.2 sun
= {104 @ £40
S 2001 —o— 35 wt% CaCl, s 2
® —o—45 wt% CaCl,
= v v 06 20 y " 30°C
0 180 360 540 0 30 60 90
g Time (min) h Time (min) ]
= 900 0.8 sun 0.00
- —_— \
f) —@—0.8 sun . ‘“\
g —a—1sun 2 )
26001 |——12sun 8025 -
o) c \
© 1.2 sun b \
c g W\
2 300+ 3 050 \ -—— 0.8 sunl
< = YA 1sun
> -—---1.25un
o~
T oo y v v H, concentration (mol m?) 0.75 + - r - :
- 0 90 180 270 360 450 540
i o i %0 036 I (26

Time (min)

Time (min)

Fig. 3. Photocatalytic H; production and moisture harvesting performance evaluation of the AWH-PHE device in the laboratory under the ambient temperature of
around 28 °C at ~70 % RH. a, Schematic of experimental setup consisting of an AWH-PHE device, a solar simulator, a gas chromatograph, a high precision balance, a
temperature & humidity meter, and a PC. b, Comparison of hydrogen evolution performance between interfacial photocatalytic water vapor and volumetric pho-
tocatalysis in direct contact with bulk water under one sun illumination, and the corresponding physical picture is shown in Fig. S11. ¢, Water desorption rate and
hydrogen production rate with different Pt content. d, Effects of different CaCl, content in hygroscopic hydrogel on H, production rate, water desorption and
adsorption rates. e, Temperature evolution of the photocatalytic sheet under different solar intensities during a 1.5-hour test. f, Simulated temperature distribution
under solar intensities of 0.8 and 1.2 sun for 1.5 hours. g, H, production varies with time under different solar intensities. h, Simulated H, concentration distribution
under solar intensities of 0.8 sun and 1.2 sun for 1.5 hours. i, The mass change of water desorption process in hygroscopic hydrogel under different solar intensity and

water vapor adsorption process in the dark.

as the ambient temperature increases from 16.4 °C to 45.6 °C. This is
because as the ambient temperature increases, the reaction temperature
of the whole device also increases, resulting in a larger water evapora-
tion rate, and the larger partial pressure of water vapor around the
photocatalytic layer will promote the photocatalytic reaction rate [38].
Moreover, a higher reaction temperature will reduce the diffusion
resistance of Hy gas [42], which will also accelerate the photocatalytic
rate. Then, the hygroscopic dynamic characteristics of this device in the
same dehydration state are evaluated under different environmental
humidity (Fig. 4b). When the ambient humidity increases from 53 % to
85 %, the hygroscopic regeneration time of the CaClo-PAAm hydrogel
decreases from 792 min to 197 min, which indicates that the CaClj salt
in the hygroscopic hydrogel has effective water vapor adsorption ca-
pacity in a wide range of humidity. Moreover, when the ambient hu-
midity is lower than 45 %, the CaCl,-PAAm hydrogel can still absorb
moisture and realize self-regeneration (Fig. S16). To evaluate the
working stability of this integrated device, five desorption hydrogen
production and moisture absorption regeneration experiments are
repeated under the ambient temperature of around 28 °C at 70 % RH -

75 % RH (Fig. 4c). The results indicate that there is no significant
degradation in the overall performance of this device during cyclic
operation, demonstrating satisfactory cycling stability. The excellent
stability of the hybrid device is mainly attributed to the good vapor
permeability and salt resistance of the hydrophobic PTFE film. Specif-
ically, when the photocatalytic layer absorbs solar energy to heat the
bottom hygroscopic hydrogel, the liquid water in the hydrogel under-
went phase change to produce water vapor and diffuse to the surface of
the catalyst through the hydrophobic film, while calcium ions are
trapped at the interface between the hydrophobic film and the hydrogel,
and cannot reach the photocatalytic layer, thus avoiding the pollution
and damage of the catalyst by salts (Fig. 4d).

In order to confirm the salt resistance of the hydrophobic PTFE
membrane, the distribution of elements on the surface of the photo-
catalytic layer is tested after several experiments, and the results show
that Ti and Pt elements, which are the main components of the catalyst,
still exist stably on the upper surface of the PTFE membrane, while the
Ca element, which is the main component of the salt, does not appear on
the upper surface after long-term operation. Moreover, the lower surface
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and Pt-TiO, catalyst in this AWH-PHE system.

of PTFE film also does not adhere calcium salts due to its low surface
energy (Fig. 4e). In addition, Fig. 4f and Fig. S17 show the performance
comparison between Pt-CdS catalyst and Pt-TiO; catalyst in this AWH-
PHE system. It can be seen that Pt-CdS catalyst achieves a hydrogen
production rate of 98.63 pmol g~* h™! and a water desorption rate of
0.1 kgm™2 h™!, indicating that this interfacial PHE system also has
certain universality for different photocatalysts.

2.5. Outdoor performance evaluation

All previous experiments are conducted under controllable envi-
ronmental conditions with constant solar intensity in the laboratory.
However, the real outdoor weather conditions such as ambient tem-
perature and relative humidity, solar intensity and wind velocity always

fluctuate with time, which will inevitably affect the dynamic operation
characteristics of the hybrid device. To demonstrate the feasibility of
this integrated AWH-PHE device in the practical application, the out-
door experiments by using the same prototype as in the laboratory are
performed on the rooftop of a building (Wuhan, China). Fig. 5a shows
the layout of our outdoor experimental setup, in which the ambient
temperature and relative humidity are recorded in real time using a
temperature and humidity meter, and the change of sunlight intensity
with time is collected in real time using a pyranometer. The amount of
hydrogen produced by the device is collected once every hour by micro-
injection needle and quantitatively calibrated by indoor gas chromato-
graph. The mass loss of the hygroscopic hydrogel during the desorption
process and the real-time change in mass as it absorbs water vapor from
the outdoor air are recorded by a precision balance. The 3D structure
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Fig. 5. H, production performance and water harvesting regeneration ability of the AWH-PHE prototype in real outdoor environment. a, The experimental setup on
the rooftop, which consisted of a AWH-PHE prototype, a pyranometer, a high precision balance, a temperature & humidity meter, a hydrogen gas alarm and a laptop.
b, 3D schematic diagram of the AWH-PHE prototype. c, Average daily solar intensity and total hydrogen production on different outdoor dates. d and e, Outdoor solar
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adsorption performance of the device from the air at night and the relationship between the adsorption rate and environmental humidity.

diagram of the self-made AWH-PHE prototype is shown in Fig. 5b, in
which the photocatalysis layer and hygroscopic hydrogel with a same
effective area of 28.27 cm? are sealed in a closed acrylic chamber, and
the upper layer is made of highly transparent quartz glass to avoid
sunlight incident loss. Fig. 5¢c shows the daily average solar intensity and
total hydrogen production on August 23th, September 8th and
September 15th, which were 3963.1 pmol g~! at 725 W m 2, 3122.8
pmol g~! at 575 Wm™2 and 1944.5 pmol g~! at 364 W m~2, respec-
tively. The variation trend of hydrogen production and outdoor solar
intensity has a good consistency, which demonstrates the reliability of
our integrated device in outdoor environment applications.

Taking the outdoor experiment that started on August 23th as an
example (The results of September 8th and September 15th are shown in
Fig. S18), during the daytime, the experiment started at 7:30 am and
ended at 5:30 pm local time. The outdoor solar intensity, ambient
temperature, and humidity were recorded over time on that day, with
corresponding average values of 725 W m™2, 36.7 °C, and 42.3 % RH
(Fig. 5d and Fig. 5e). Fig. 5f shows the distribution of condensed water in
the device and the internal hydrogen concentration value obtained by
the hydrogen alarm. It can be seen that at 12:00 noon, the internal
surface of the chamber was completely covered by condensed water and

the hydrogen alarm detected obvious hydrogen components inside,
indicating that the solar-driven desorption and photocatalytic water
vapor process was reliable. During the 9.5-hour operation throughout
the day, the prototype achieved a total hydrogen production of up to
3963.1 pmol g1, corresponding to a STH efficiency of 0.0859 %
(Fig. 5g). At night, the prototype was opened and exposed to the outdoor
environment, and began to capture water vapor from the ambient air.
Fig. 5h shows the water vapor adsorption curve at that night. The hy-
groscopic regeneration process was completed from 7:00 p.m. to 5:00 a.
m. the next day, and the adsorption rate of the hydrogel also showed
good consistency with the change of environmental humidity (Fig. 5i),
which indicated that the hygroscopic hydrogel prepared herein has good
adsorption characteristics.

3. Conclusion

An integrated double-layer structure device is developed to sponta-
neously capture moisture from the air as a water source for in-situ
photocatalytic hydrogen production. The Pt-TiOy photocatalytic layer
in the device has a high absorption capacity in the whole solar spectrum,
which ensures the synergistic effect of photocatalytic and photothermal.
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In addition, the hydrophobic PTFE membrane was selected as the sub-
strate of the photocatalytic layer due to its breathable and salt-resistant
characteristics, thus the water vapor supply is ensured and the salt
damage to the photocatalysis is effectively avoided. The prepared PAAm
hydrogel with CaCl, salt has lower cost and good hygroscopic proper-
ties, which provides the possibility for large-scale promotion. As a result,
the integrated AWH-PHE system can achieve a Hy production rate of
425.4 pmol g~ h™! and a water desorption rate of 0.121 kgm~2 h™!
under one sun, and has a moisture adsorption rate of 0.03 kg m~2 h™!
under dark conditions in the laboratory. This system was also proven to
possess good environmental adaptability and durability through multi-
ple cycle experiments and variable operating conditions testing. More-
over, when the device is placed in real outdoor conditions, it obtains a
total hydrogen production of up to 3963.1 umol g~* in the daytime and
achieves water regeneration in the hygroscopic hydrogel within
10 hours by harvesting moisture from the surroundings at night, which
confirms the feasibility of the system in practical application. The
findings herein will introduce a promising route to produce green
hydrogen fuel in remote arid areas with abundant solar energy.

4. Experimental section
4.1. Materials

Chloroplatinic acid hexahydrate (H2PtCle-6 H20, analytical reagent,
Pt >37.5 wt%), titanium dioxide, anatase (TiO5, 60 nm, 99.8 %),
acrylamide (AM, 99 %), and N, N -methylenebis (acrylamide) (MBAA,
99 %) were purchased from Aladdin Biochemical Technology Co., Ltd.
Calcium chloride (CaCly, analytical reagent), ethanol (CyHs50H,
analytical reagent), ammonium persulfate (APS, analytical reagent),
polyethylene glycol 2000 (PEG 2000, chemical reagent), and methanol
(CH30H, analytical reagent) were purchased from Sinopharm Chemical
Reagent Co., Ltd. Ultrahigh purity nitrogen (N3, 99.999 %) was pro-
vided by Wuhan Xiangyun Industry and trade Co., Ltd. Deionized (DI)
water, with a resistivity of 18.25 MQ-cm, was produced and utilized
throughout the experiments.

4.2. Synthesis of Pt/TiO2 photocatalyst

Typically, the Pt/TiO5 photocatalyst was obtained using the photo-
deposition method (Fig. S1). In detail, 1 g TiO nanoparticles and
0.1 g HoPtCle-6 HyO particles were dispersed in the glass beaker con-
taining an aqueous solution of CH3OH (30 mL, 10 vol%). Subsequently,
the glass beaker was capsulated through a film of plastic wrap and
placed on a magnetic stirrer (ZNCL-BS) with a speed of 1000 RPM, and
the dispersed solution was irradiated under simulated solar irradiation
(A > 300 nm) provided by a xenon lamp (CEL—PESOOL—BA) for 2.5h to
adequately reduce the Pt ions, which an obvious color change of reac-
tion solution from ivory to gray could be observed. In order to obtain the
pure Pt/TiO, powder, the reacted solution was further purified through
vacuum filtration procedure. In detail, the reacted solution was washed
with DI water and CoHsOH solution alternately for several times through
a vacuum pump (SHZ-D III), which equipped with a hydrophilic filter
membrane (pore diameter: 0.2 ym), and Pt/TiO; solid powder was ul-
timately deposited on the filter membrane while unreacted impurities
were removed. Then the pure Pt/TiO, photocatalyst powder with a Pt
loading amount of 1.5 % was obtained after drying the moist Pt/TiO5
mixture in the hot air circulating oven (101-OBS) with a temperature of
70 °C for 30 min.

4.3. Synthesis of CaCly-PAAm hydrogel

First, 2.843 g AM as monomer, 0.018 g MBAA as crosslinking agent,
and 12.76 g CaCl, as a low-cost, environmentally friendly moisture
adsorbent were uniformly dispersed in 20 mL DI water assisted by ultra-
sonication. Then the mixed solution was placed to cool down at room

Nano Energy 128 (2024) 109879

temperature with 25 °C for 15 min for avoiding instantly crosslinking.
Subsequently, 0.052 g APS as thermal initiator was added into the mixed
solution to form a homogeneous pre-polymer solution. The CaCly-PAAm
hydrogel was obtained after pouring pre-polymer solution into a circular
acrylic mould with a depth of 3 mm and a diameter of 60 mm, and
polymerizing under ultraviolet illumination provided by a UV lamp for
25 min (Fig. S2).

4.4. Preparation of the AWH-PHE device

The prepared 70 mg Pt-TiO, photocatalyst powder was dispersed
into ethanol aqueous solution (15 mL, 50 vol%), and then ultrasonic
dispersed by an ultrasonic cell crusher for 30 minutes. The photocatalyst
in ethanol aqueous solution was uniformly attached to the support layer
of hydrophobic PTFE membrane (pore size 0.22 microns, thickness
120pm) with an effective diameter of 6 cm by vacuum filtration, and
then the hydrophobic membrane with Pt-TiO, photocatalyst was dried
in a 70 °C drying oven for 30 minutes. Subsequently, 1 mL PEG aqueous
solution with a concentration of 50 mg mL ™! was dripped on the hy-
drophobic membrane as a sacrifice agent. After drying, it was cooled at
room temperature to obtain a Pt-TiOy photocatalytic layer. Finally, the
cooled photocatalytic layer was tightly bonded to the upper surface of
the hygroscopic CaClo-PAAm hydrogel prepared in the acrylic mould by
simple physical pressing (Fig. S3), and an AWH-PHE device with an
effective area of 28.27 cm? was successfully obtained. The total cost of
1 m? AWH-PHE device was calculated and listed in Table S1 and
Table S2.

4.5. Material characterization

SEM and EDS mapping images were obtained using a TESCAN
MIRAS3 field-emission scanning electron microscopy equipped with an
Oxford Instruments Nanoanalysis Aztec Energy X-max 20 system. The
absorption spectrum of the photocatalytic layer was characterized by a
UV-Vis-NIR spectrophotometer (Shimadzu UV-3600). The contact angle
of the samples was tested by a water contact angle measurement in-
strument (JC2000C, Shanghai). The temperature distribution of the
AWH-PHE device was measured by an infrared thermal imager (FLIR
E95).

4.6. Experimental measurement

In the photocatalytic hydrogen production experiment, both indoor
and outdoor hydrogen evolution performance measurements were
conducted in a 130 mL self-made sealed acrylic reaction chamber with a
transparent quartz glass skylight (Fig. S7 and Fig. S8). Before the
experiment, high-purity nitrogen gas was continuously introduced into
the acrylic chamber for 10 minutes to eliminate the internal air. A
300 W solar simulator with AM 1.5 G standard optical filter (CEL-300 L-
3A) was used to provide stable solar radiation and an optical power
density meter (CEL-NP2000-2A) was used to calibrate the solar in-
tensity. The hydrogen gas in the reaction chamber was sampled by a
1 mL micro injector at regular intervals and injected into a gas chro-
matograph (DJ-6890B, Fuli Insruments) for hydrogen content detection.
The temperature of the photocatalytic layer was recorded in real time by
a K-type thermocouple (TT-K-30-SLE) connected to a temperature
acquisition card (TC-08). The temperature and relative humidity were
obtained by a Temperature & Humidity meter (CENTER 313). A preci-
sion electronic balance (ME-204, METTLER TOLEDO) was used to weigh
the water loss of hygroscopic hydrogels during solar-driven desorption
process and to record real-time mass change of moisture absorption from
the environment at night or in the dark. In outdoor experiments, a
thermoelectric solar intensity meter (RENKE RS-TBQ-NO1-AL) was used
to record the solar flux over time. A hydrogen alarm (AS8909) was used
to visually and qualitatively obtain the hydrogen content in the reaction
chamber.
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