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Solar-Driven Atmospheric Water Production Through
Hierarchically Ordered Porous Carbon for Self-Sustaining
Green Hydrogen Production

Bo Fu, Jifang Zhang, Neil Robinson, Zhen Zhang, Zhengju Zhu, Mengyang Dong,
Xinyuan Zhang, Jian Kang, Paul Michalski, Zeyang Zhao, Jiapeng Ji, Yiming Xu,
Kaidi Zhang, Xinyu Wang, Shan Chen, Haolan Xu,* Porun Liu,* Huajie Yin,*
and Huijun Zhao*

Green hydrogen production by proton exchange membrane water electrolysis
(PEMWE) powered by clean energy is a promising and environmentally
friendly technology. However, it relies on a high-purity water source, which is
limited in regions facing water scarcity. Here, a coupled self-sustaining
solar-enabled system is reported that couples atmospheric water harvesting
with PEM water electrolysis (AWH-PEMWE), offering a novel pathway for
clean water generation and green hydrogen production. The atmospheric
water harvester (AWH) component utilizes N and O co-doped hydrophilic
ordered porous carbon, engineered with an interconnected hierarchical
porous structure with prosperous channels for efficient mass transport. It
enables effective interfacial solar evaporation for water release, achieving a
record-high water harvesting capacity of 0.49 L kg−1 h−1 at 40% relative
humidity (RH). During outdoor tests, the AWH-PEMWE system reaches a
peak green hydrogen production rate of 204 mL h−1 at midday using only
atmospheric water as feedstock. Remarkably, the system remains operational
under ultra-low humidity conditions down to 20% RH, addressing the
challenge of water availability in arid environments. Importantly, the system
operates without the need for carrier gases or external energy input
accessories, enabling a fully solar-driven process with zero carbon emission
throughout the hydrogen production cycle.
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1. Introduction

Proton exchange membrane water electrol-
ysis (PEMWE) is a highly efficient and
environmentally friendly technology for
green hydrogen production, offering advan-
tages such as high-purity hydrogen output,
rapid response, and compact system de-
sign. However, its dependence on highly
purified water as a feedstock poses a sig-
nificant challenge to wide deployment, es-
pecially in regions where freshwater re-
sources are scarce. Integrating PEMWE
with a self-sustaining, solar-driven atmo-
spheric water harvesting (AWH) system
presents a compelling solution to concur-
rently address energy and water short-
ages, particularly in arid and semi-arid
environments.[1] This hybrid system lever-
ages interfacial solar evaporation to extract
pure water from atmospheric moisture ab-
sorbed during nocturnal cycles, which sub-
sequently feeds the PEMWE for hydrogen
production.[2–7] Realization of such a sus-
tainable system critically depends on the
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development of high-performance AWH materials that exhibit
rapid water sorption-desorption kinetics and efficient photother-
mal conversion under solar irradiation.
Carbon-based materials have emerged as particularly promis-

ing candidates for solar-driven AWH due to their intrinsic pho-
tothermal properties, high surface area, porosity, and chem-
ical stability. In contrast to non-photothermal AWH sorbents
that require external heat sources for water release, carbon-
based materials can directly harness solar energy to drive water
desorption.[8–12] The conventional carbon-based sorbents, such
as graphene oxide, activated carbon and activated carbon fibers
have demonstrated the feasibility of water release via interfacial
solar evaporation.[13–18] However, their water harvesting capacity
and adsorption kinetics remain inadequate for practical applica-
tions. To overcome these limitations, one strategy is to introduce
hydrophilic functional groups to increase the number of active
sites for moisture capture.[19–21] Besides the water affinity, the
relatively low water-accessible surfaces and insufficient pore con-
nectivity also constrain the AWH capacity and kinetics. Another
approach is to engineer hierarchical porous structures and verti-
cally aligned structures to enhance water-accessible surface area
and facilitate efficient mass transport.[22–25] However, the state-
of-the-art carbon sorbents primarily rely onmicro- or mesopores,
highlighting the need for optimized carbon materials with elab-
orately designed interconnected hierarchical pore structures and
hydrophilic surfaces.
Herein, we report a zeolitic imidazolate framework (ZIF-8)-

derived carbonmaterial (ZC) engineered with oxygen-containing
functional groups and a hierarchically ordered porous structure,
as an efficient photothermal AWH absorber. Among the synthe-
sized materials with different pores, the ordered carbon with 270
nm pores demonstrated superior water harvesting capacity com-
pared to the bulky ZC counterparts without hierarchical pores,
owing to its enhanced porosity and surface accessibility. More-
over, the incorporation of hydrophilic functional groups signif-
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icantly improved moisture uptake, achieving a high water har-
vesting capacity of ≈0.49 L kg−1 h−1 at 40% RH. Remarkably,
the hydrophilic ordered porous carbon (HOC) exhibited excel-
lent light absorption, high specific surface area, and outstanding
photothermal performance, enabling a solar evaporation rate of
≈0.72 L kg−1 h−1 under AM 1.5G illumination. When coupled
with a solar-powered PEMWE, the pure water released from the
HOC-based AWHsustained green hydrogen production at a peak
rate of 204 mL h−1 without requiring additional water or power
input. This work demonstrates a novel and practical approach to
solar-driven green hydrogen production, establishing a promis-
ing pathway for deployment in water-constrained regions and
advancing the development of carbon-neutral hydrogen energy
systems.

2. Results and Discussion

2.1. Properties of Hydrophilic Ordered Porous Carbon

As illustrated in Figure S1 (Supporting Information), the ordered
porous carbon with excellent hydrophilicity was first synthesized
according to our previous work.[19,26] Briefly, the ZIF-8 precur-
sor was impregnated in the self-assembly 3D-ordered polystyrene
spheres (PSs, 270 nm in diameter) template for the growth of PS-
embedded ZIF-8 crystals (ZIF-8@PS). The obtained ZIF-8@PS
was subjected to pyrolysis to decompose PSs and carbonize ZIF-
8, resulting in the uniformly sized and cuboctahedron-shaped
ordered carbon materials (OC270). Two strategies were applied
to introduce oxygen-containing functional groups (OFGs) to im-
prove hydrophilicity. TheOC270 sample treatedwith amixed acid
(H2SO4 + HNO3) aqueous solution was denoted as OC270-A,
while the one activated by direct calcination in air was named
as HOC270. To explore the effect of the pore size on solar-driven
AWH, we also synthesized samples with 180 and 400 nmmacro-
pores followed by calcination, denoted as HOC180 and HOC400,
respectively. The ZC sample was obtained without the use of PSs
template or surface modification (Figure S2, Supporting Infor-
mation).
Scanning electron microscopy (SEM) image of the HOC

samples revealed a cuboctahedron-shaped structure with 3D-
ordered microporous cells interconnected by well-controlled
pores (Figure 1a,b; Figures S3–S5, Supporting Information),
confirming the successful synthesis of the ordered porous
structure. Transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) of the
HOC270 sample also confirmed the interconnected pore struc-
ture (Figure 1c; Figure S6, Supporting Information). The porous
features were further analyzed by N2 adsorption-desorption
isotherms (Figure 1d), which confirmed the presence of micro-
pores with diameters of 0.82, 1.12, 1.41, and 1.76 nm. The mea-
sured Brunauer-Emmett-Teller (BET) surface area was 1052.2m2

g−1. In comparison, the ZC particles prepared without the PSs
template did not display apparent meso-macropores, confirming
the crucial role of the PSs template in constructing the ordered hi-
erarchical porous structure (Figure S7, Supporting Information).
It is noted that calcination treatment (HOC270) did not remark-
ably change the surface area (994.3 m2 g−1) while the acid treat-
ment (OC270-A) reduced the surface area to 795.4 m2 g−1.
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Figure 1. Structure and compositional analyses of ordered porous carbon. a) SEM image of HOC270. b) SEM image of the connected mesopores
and macropores. c) TEM image of the HOC270 sample with an interconnected pore structure. d) N2 adsorption-desorption isotherms and pore-size
distributions of HOC270. e) XPS data of the samples before and after calcination in air. f–i) HAADF-STEM and the corresponding EDS mapping images
of C, N, and O of HOC270. j) High resolution O 1s XPS spectra of OC270 and HOC270. k) Water contact angle variation of the sample before and after
calcination. l) UV–vis–NIR absorption performance measured by the integrated sphere module. m) Temperature profile and Infrared images of ZC and
HOC270 sample under one-sun illumination.

The crystal and structural properties of theHOC270were char-
acterized by X-ray diffraction (XRD) and Raman spectroscopy
which indicated a typical disordered graphitic carbon structure
(Figure S8, Supporting Information), consistent with the results
of HRTEM. The X-ray photoelectron spectroscopy (XPS) spec-
tra (Figure 1e) confirmed the presence of C, N, and O in the
HOC270, while the HAADF-STEM image and energy dispersive
spectroscopy (EDS) mapping (Figure 1f–i) revealed the uniform
distribution of C, O, and N elements. The XPS survey spectra
of OC270 and HOC270 indicated that the surface O was sig-
nificantly increased from 3.52% to 6.94% after the calcination.
The high-resolution O 1s XPS spectra of both samples depicted
three OFGs: carbonyl (C═O) at 531.4 eV, hydroxyl (C─OH) at
532.5 eV and ester (O–C═O) group at 533.8 eV (Figure 1j). Be-
fore treatment, surface oxygen species consisted of ≈47.1% hy-
droxyl (C─OH), ≈34.7% carboxylate (O–C═O), and ≈17.8% car-
bonyl (C═O) groups. After air calcination, the overall oxygen con-
tent increased, and the distribution shifted to ≈31.1% C─OH,
≈44.3% O–C═O, and ≈24.7% C═O. In the Near Edge X-Ray
Absorption Fine Structure (NEXAFS) spectra (Figure S9, Sup-

porting Information), the absorption edge step at 531.8 eV con-
firmed that compared to OH, the total oxygen of HOC270 in-
creased by ≈16.4%. In addition, the Fourier-transform infrared
spectroscopy (FT-IR) spectrum (Figure S10, Supporting Informa-
tion) also showed a significant increase inOFGs inHOC270, con-
sistent with the XPS and NEXAFS results. The peaks at 1552 and
1723 cm−1 can be allocated to C═O vibrations in COOH groups.
Another strong band located at 1189 cm−1 could be assigned to
the stretching vibration of C–O. Besides, the peaks at 3607 cm−1

can be allocated to N–H stretch. The N 1s XPS spectrum (Figure
S11, Supporting Information) of HOC270 revealed the presence
of pyridinic N (≈398.5 eV) and graphitic N (≈401.0 eV). All these
results collectively confirmed a significant increase in surface
functional groups with high water affinity in the hierarchically
ordered porous carbon after direct calcination in the air.[27]

Due to the rich OFGs on the surfaces, the hydrophilicity of the
obtained HOC270 was remarkably enhanced compared to that
of OC270. The water contact angle decreased significantly from
87° to 20° after calcination (Figure 1k). The light absorbance and
photothermal response of HOC270 were investigated to assess
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its response to solar irradiation. As shown in Figure 1l, due to
the unique ordered hierarchical porous structure, HOC270 ex-
hibited broad light absorption ranging from 300 to 2500 nmwith
an average absorbance of over 98%. As a result, HOC270 exhib-
ited a rapid temperature increase under one-sun illumination (1
kW m−2). Within 30 s, its temperature in the air rose swiftly to
60.6 °C, then reached 83.6 °C after 5 min (Figure 1m). This fast
photothermal response and efficient solar-to-thermal energy con-
version will facilitate the rapid water release via interfacial solar
evaporation, and AWH cycles.

2.2. AWH Performance and In Situ Investigation by LF-NMR
Relaxation

The AWH performance of the HOC samples with different
macroscopic pore sizes and surface modifications was measured
at 22°C and 20%–50% RH. As illustrated in Figure 2a, OC270
showed more significant water uptake than conventional ZC
without macroscopic pores, signifying the crucial role of the hier-
archically porous structure in promoting the water uptake capac-
ity. More importantly, the results clearly demonstrated that the
improvement of surface hydrophilicity by calcination approach
(i.e., HOC samples) is more conducive to the enhanced AWH
performance (Figure 2a). Apart from hydrophilicity, pore size
also remarkably affected the AWH performance. Among HOC
samples with different pore sizes, HOC270 with medium-sized
macro pores delivered the best water uptake performance under
all RH conditions investigated and was thus employed in further
study.
Within the RH ranges investigated, it was evident that

HOC270 absorbed moisture at a rapid rate in the first 30 min,
then reached saturation in 1 h (Figure 2b). The rapid adsorp-
tion can be attributed to the hierarchical porous structure and
the abundant hydrophilic water binding sites on the surface.
Furthermore, the isotherm curve (Figure S12, Supporting Infor-
mation) shows a Type V sorption behavior, indicative of mod-
erate hydrophilicity and capillary condensation in the hierarchi-
cal porous structure. Under one sun irradiation, the captured
water can be released rapidly from HOC270 via interfacial so-
lar evaporation due to the fast and efficient photothermal re-
sponse. In addition, the abundant micropores are beneficial for
light absorption and can promote the solar evaporation rate.[35]

Unlike the conventional absorbents, which are composed of sep-
arated AWH and thermal layers and require extra energy input
for water release, the HOC270 is activated by solar energy with-
out the need for external accessories for energy input, featur-
ing an integrated design, high energy utilization efficiency and
low operation cost. The multiple water harvest and release tests
of HOC270 confirmed its excellent cyclability and stable perfor-
mance (Figure 2c; Figure S13, Supporting Information). Note-
worthily, among the state-of-the-art solar-driven AWHmaterials,
our HOC270 achieved a superior water uptake rate under 20%–
50% RH range (Figure 2d).[36–49]

To further investigate the AWH process, in situ low-field (LF)
1H NMR relaxation experiments were conducted to measure
the transverse relaxation time (T2) characteristics of water dur-
ing AWH using HOC270 (Figure 2e). Such measurements pro-
vide rapid and non-invasive approach to characterize the fluids

confined within functional porous materials,[50] enabling the in-
vestigation of the kinetics of vapor/moisture uptake by the car-
bon materials.[51] The observed relaxation rates of water within
such systems can be expressed as T−1

2 ≈ 𝜌S∕V , where S/V is
the surface-to-volume ratio of the confining pore structure and
𝜌 is the surface relaxivity of the material/fluid interface, which
acts as a scaling factor between pore size and observed relax-
ation times;[52,53] in the present case this term will be domi-
nated by hydrogen-bond-mediated adsorption interactions be-
tween adsorbed water and the hydrophilic groups on the car-
bon surfaces.[52,54] The observed relaxation times of water con-
fined within carbon pores therefore are shorter than those of
the unrestricted bulk water. Figure 2e showed time-resolved T2
distributions obtained in situ with HOC270 subjected to humid
air for 5–90 min. At short times, a single relaxation population
was observed at short T2 (≈3 ms), which was assigned to ad-
sorbed water within the porous carbon structure (note resolu-
tion of multiple relaxation times associated with water within
pores of different sizes is not possible here due to the low signal-
to-noise ratio of the acquired data). This population clearly in-
creased in intensity as a function of time exposure to water vapor,
confirming uptake of water vapor by adsorption within the pore
structures of HOC270 during this process. At 90 min of mois-
ture capture, an additional relaxation population was observed at
T2 ≈3 s, characteristic of unrestricted water, indicating the exis-
tence of bulk water outside of the carbon material and hence the
saturation of AWH, consistent with the kinetic AWH results in
Figure 2b.
Based on the LF-NMR results, a schematic of AWH processes

involving water cluster formation, growth, coalescence (trans-
formation of interface), and filling in interconnected hierarchi-
cal pores of HOC270 was proposed (Figure 2f). At the begin-
ning, water molecules are adsorbed onto the high-density OFG
sites on the carbon surfaces. As the growth of large clusters re-
quires a higher chemical potential, water uptake occurs progres-
sively from smaller to larger pores.[28] When water adsorption
proceeds, the hydrogen bonds of restricted water are established
between functional groups and water molecules, which act as ad-
ditional adsorption active sites and induce neighboring water va-
por molecules bond with the previous layer of the adsorbed water
layer.[29–31] Themultilayer water adsorption proceeds through the
hierarchical micro-meso-macroporous network via capillary con-
densation and eventually results in an encapsulated bulk water
throughout the pores.
Compared with the previous AWH work based on car-

bon materials,[32] our hierarchically interconnected and or-
dered porous structure provides enhanced affinity with water
molecules. The high surface area and excellent pore connec-
tivity of the micro-meso-macro trimodal-porous structure ren-
der the HOC270 with high-density exposed water nucleation
sites that facilitate water adsorption and cluster growth on the
surfaces and pores.[28,33,34,55,56] In conventional carbon materi-
als, the water uptake is close to equilibrium when water fully
fills the micropores and mesopores. In contrast, the HOC270
with an interconnected micro-meso-macro porous structure en-
ables efficient water diffusion and mass transfer thus facilitat-
ing continuous filling of water into the hierarchically constructed
interconnected pores, boosting the water uptake capacity and
rate. In addition, the elaborate calcination treatment successfully
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Figure 2. AWH performance of the obtained carbon samples. a) AWH performance of HOC (180, 270, and 400 nm pores) OC270-A, OC270, and ZC. b)
AWH performance of HOC270 under 20%, 30%, 40%, and 50% RH, respectively. c) Water uptake cycling performances of HOC270 under 40% RH. d)
Comparison of AWH performance of HOC270 and state-of-the-art absorbents. The hollow circles present absorbents without solar evaporation function,
and the solid spheres present the solar-driven AWH materials.[2,28–34] e) In situ LF-NMR analysis of the variation of water state during the AWH period.
f) Schematic diagram of water adsorption process on HOC270.
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introduced more OFGs on the surfaces while maintaining the
hierarchical and ordered porous structure well. The enriched
OFG binding sites on the surfaces are conducive to the initial wa-
ter nucleation to promote the water adsorption process, leading
to an outstanding AWH performance.[57,58] The introduction of
hydrophilic oxygen-containing functional groups (e.g., –COOH,
–OH) reduces the nucleation energy barrier by stabilizing ad-
sorbed water molecules via hydrogen bonding and promoting
cluster formation at lower relative humidity.[59,60] This enhances
the initial water uptake rate and facilitates faster moisture con-
densation within the hierarchical porous network.[59] It is note-
worthy that acid oxidation treatment partially damages the hierar-
chically interconnected and ordered porous structure of OC270-
A sample and jeopardizes its water uptake capacity, evidencing
the essential role of the hierarchical porous structure. In sum-
mary, the rapid, cyclable, high-capacity water capture and release
of HOC270 absorbent provides great promise for solar-driven
green hydrogen production.

2.3. Atmospheric Water Harvesting PEM Electrolyzer

The integrated atmospheric water harvesting and electrolysis was
realized through a custom-made AWH-PEMWE coupled device.
As shown in Figure 3a, the electrolyzer consisted of a PEM with
thermoforming catalysts on both sides, two air diffusion layers, a
horizontal end plate (cathode side) and a modified end plate (an-
ode side) with housing for loading HOC270 water sorbents and
a transparent quartz window for solar illumination (Figure S14,
Supporting Information). Room moisture was introduced into
the housing of the modified end plate and absorbed by HOC270.
After thewater uptake, theHOC270 sorbents were illuminated by
simulated sunlight through the quartz window to release the col-
lected water. Due to the fast photothermal response of HOC270,
the vapor was rapidly generated, with fogging observed in the
anode housing within 1 min. After 2 min, larger water droplets
were formed and observed on the surface of the quartz window
(Figure 3b; Figure S15, Supporting Information). The system us-
ing pure water exhibited a higher current density (6.3 A at 2.0 V)
compared to that using atmospheric water (2.8 A at 2.0 V). This
difference is primarily attributed to the relatively lower ionic con-
ductivity and possible trace impurities in the atmospheric water-
derived feed. However, it is noteworthy that both systems display
similar onset potentials (macroporous1.45 V), indicating that the
intrinsic electrocatalytic behavior of the electrode materials re-
mains unaffected (Figure S16a,b, Supporting Information). No-
tably, to achieve high performance of hydrogen production in
general PEMWE, provision of circulating water moisture with a
temperature of 60-80 °C is required. In our AWH-PEMWE setup,
the hot moisture generated via interfacial solar evaporation elim-
inates the need to employ extra heating elements for the feed-in
water for the PEMWE. The engineered hierarchical porous struc-
ture (micro–meso–macro) enhances both the surface area for wa-
ter sorption and the channels formass transport. The presence of
macropores ensures fast vapor diffusion, while micropores and
mesopores provide abundant active sites for moisture adsorp-
tion. The high porosity and ordered structure promote efficient
light absorption and heat localization, which accelerates interfa-
cial solar evaporation and enables rapid water release during the

daytime. A faster water release rate meansmore consistent vapor
supply to the PEMWE.
The operation of the AWH-PEMWE system can be divided into

three steps. First, the HOC270 harvests water from the air. Then
clean water is released by solar-driven vapor generation followed
by an electrochemical hydrogen production step operated poten-
tiostatically at 1.65 V (Figure 3c). During the water uptake cycles,
the absorbent housing with the HOC270 was exposed to a flow of
air (50 min), while the switch remained closed during the solar-
driven vapor generation (10 min) and electrolysis step (1 h). Ap-
proximately 295.5 mL hydrogen can be collected in 60 min of
electrolysis cycle (Figure 3d). In the electrolysis cycle (Figure 3e),
constant hydrogen bubbles could be observed (Video S1, Sup-
porting Information), and the hydrogen could be sustainably
collected.

2.4. Solar-Driven/Powered AWH-PEMWE

The outdoor experiment was carried out to verify the practical
operation of the coupled AWH-PEMWE for green hydrogen pro-
duction under natural sunlight. As shown in Figure 4a, a solar
panel (175 × 116 mm) was used to power the AWH-PEMWE
with a small footprint (one-fourth of the solar panel). Similar
to the experiment in the laboratory, the HOC270 in the cou-
pled AWH-PEMWE device was saturated with water moisture
by pumping the atmospheric air through the housing during
the water uptake cycle for 50 min. Subsequently, during the
electrolysis cycle, the PEMWE was fed by the water vapor re-
leased by interfacial solar evaporation using the reflected nat-
ural sunlight in a close setting for 10 min (Figure 4b). The
AWH-PEMWE was tested from 8:00 a.m. to 4:00 p.m. in an
open area in Southeast Queensland, Australia. The environ-
mental parameters, the PEMWE real-time working parameters
and the flow rate of generated hydrogen were simultaneously
recorded.
During outdoor tests, the solar panel and solar power meter

were placed horizontally without adjusting during the test, so the
solar intensity varied with the solar zenith angle in a day which
aligned well with the conditions during practical applications. As
shown in Figure 4c, the working current and the hydrogen pro-
duction rate reached their highest in the middle of the day when
the strongest solar radiation was recorded at 0.77 kW m−2. In
the daytime, the environmental temperature varied from 22.0 to
28.8 °C and the relative humidity ranged from 33% to 60% dur-
ing the experiment. The low relative humidity dominated most
of the daytime, which was consistent with the humidity in the
semi-arid area. Surprisingly, the environmental temperature and
humidity did not strongly influence the rate of hydrogen pro-
duction during the practical operation. The solar-to-vapor effi-
ciency can achieve 45%–57% under different humidity (Figure
S17, Supporting Information). Hence, our AWH-PEMWE de-
vice would be applicable in many semi-arid areas around the
world.
Using the unique proton exchange membrane, the elec-

trolyzer can produce hydrogen with high purity. Moreover, in
contrast with the published research on conventional vapor
electrolysis that deeply relies on carrier gases (N2 or Ar), the
AWH-PEMWE device can produce high-purity green hydrogen
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Figure 3. Water electrolysis fed by AWH. a) A schematic diagram of the AWH-PEMWE with pure water harvested and released from HOC270 sample.
b) Photographs of the AWH experiment. Condensation can be observed on the window after illuminating for 2 min. c) The photo of AWH-PEMWE device
under operation. d) Hydrogen production after 15 min and 1 h. e) Cycling test of the AWH-PEMWE. The cycle consists of a 30-min AWH step (blue) a
30-min solar-driven vapor generation to produce water vapor (orange) and water electrolysis of the photothermally generated water vapor (green).

without using any carrier gases, demonstrating attractive cost-
effectiveness.[2,61–68] Owing to the rapid water adsorption and
release kinetics, the AWH-PEMWE system ensures sufficient
water availability, enabling significantly higher operating cur-
rent and hydrogen production rates compared to all previ-
ously reported solar-driven vapor-phase water electrolysis sys-
tems (Figure 4d; Table S1, Supporting Information). The sor-
bents also show great promise for large-scale applications due

to the cost-effective synthesis (Tables S2 and S3 Supporting In-
formation). Moreover, in comparison to the required relatively
high humidity conditions (>60%) in the literature, this AWH-
PEMWE device is capable of harvesting moisture from lower
humid environments (RH = 20 %) and producing green hy-
drogen. Our experimental results validate that the demonstrated
AWH-PEMWE system can be deployed in an arid area with water
scarcity.
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Figure 4. Outdoor Application of Solar-driven/powered AWH-PEMWE. a) Photo of the self-sustaining AWH-PEMWE system. b) Schematic of the self-
sustaining AWH-PEMWE system. The green hydrogen production procedure: (1) Turn on the air pump and switches for AWH (50 min). (2) Turn off the
switches and carry out solar-driven evaporation (10 min). (3). Turn on the switches and carry out HER (1h). c) Hourly hydrogen production rate, working
status of PEM and corresponding atmospheric conditions. d) Comparisons between our AWH-PEM and other solar-driven water/vapor electrolysis
reports.
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3. Conclusion

To solve the clean water and energy shortages for PEM electrol-
ysis, we demonstrated a new pathway for producing green hy-
drogen via cascade solar-driven AWH and electrolysis. Due to
the unique hierarchical and interconnected porous structure and
rich OFGs our carbon materials achieved high moisture harvest
capacity even under extremely low humidity (RH = 20%) and
rapid vapor generation under one-sun illumination. After load-
ing the HOC270 in an AWH-PEMWE device, the AWH and elec-
trolysis processes can be conducted in one integrated device us-
ing solar energy. Pure hydrogen was quickly generated with high
current without the need for electrolytes or carrier gas. Besides,
the electrolyzer could also be powered with other renewable en-
ergy (wind energy, tidal energy, etc.) and is deployable in a natural
environment. The demonstrated AWH-PEMWE coupled device
exemplifies an environmentally friendly green hydrogen produc-
tion avenue.
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