
RESEARCH ARTICLE
www.small-journal.com

Efficient Humidity-to-Hydrogen Photocatalysis: Engineering
Polymer-Catalyst Bonds in Hygroscopic Hydrogels with
Sulfur-Vacancy-Rich Nanosheets

Zhen Liu, Liangyu Li, Huping Yan, Chuanshuai Dong, Mengying Li, and Ronghui Qi*

This study presents an efficient hydrogel-based photocatalytic
system for green hydrogen production directly from atmospheric humidity.
By constructing a triangular-pyramid Zn-O bonding structure between
hygroscopic polyacrylamide (PAM) hydrogel and sulfur vacancy-rich ZnIn2S4
(Sv-ZIS) nanosheets, strong interactions between gel O atoms and Zn atoms
near S vacancies lead to shorter, more stable bonds. This structure enhances
charge separation, accelerates reactant and product transport, and reinforces
the hydrogel’s mechanical properties. The composite achieves an apparent
quantum efficiency of 35.1% at 365 nm and a stable hydrogen evolution rate
of 28.79 mmol/gcat/h at ∼30 °C and 50% RH under 100 mW cm−2 irradiation
— surpassing traditional water-based photocatalysis. It also performs well
under low-intensity LED light, indicating potential for indoor use. Molecular
dynamics and DFT simulations reveal that the pyramid structure promotes
polymer chain extension, increases water binding sites, and that sulfur
vacancies facilitate H* desorption and further strengthen Zn-O interactions.
The synergistic effect of the polymer matrix and sulfur vacancies boosts
both activity and durability, while maintaining hygroscopicity. The composite
is prepared via a mild, scalable in-situ method, highlighting its potential
for practical, sustainable hydrogen production from ambient moisture.

1. Introduction

Photocatalysis is an important technology converting light into
chemical energy.[1–3] Current photocatalytic systems mainly tar-
get water splitting, often requiring additional sacrificial agents
alongside catalysts due to the low overall water splitting effi-
ciency. However, this process faces challenges such as water
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pollution caused by adding catalytic pow-
ders, dependence on fresh water, and reduc-
tion of photocatalyst active surfaces caused
by bubble adhesion.[4–7] Photocatalytic hy-
drogen production utilizing water vapor of-
fers great scalability in recent years.[8–10]

This technology can harness moisture from
air or water evaporation and aids in humid-
ity control, which is ideal for regions with
scarce freshwater and high humidity, such
as coastal areas. Besides, it can utilize steam
discharged from thermal, nuclear, and
chemical power plants for hydrogen pro-
duction. This water-independent hydrogen
production technology is ideal for deserts,
as it uses humid air instead of scarce liquid
water to produce hydrogen efficiently. Ad-
ditionally, it promotes clean energy devel-
opment by offering a sustainable and eco-
friendlymethod to generate hydrogen, a key
fuel for reducing reliance on fossil fuels.
Recent studies have highlighted the hy-

drogels as a promising supporting material
for vapor-based photocatalysis.[11,12] These
transparent and hygroscopic chain-like
polymer materials can be easily fabricated

to have a uniform microstructure with well-organized gel net-
work, suitable for supporting catalysts and additives, promot-
ing their dispersion and preventing water pollution.[13,14] The
hydrogel’s network structure also regulates the water layers
on the catalyst attached to the polymer chains, ensuring that
the catalyst surface is moist and promotes H+ migration with-
out being too thick to hinder gas diffusion. Thus, this sys-
tem can exhibit higher hydrogen diffusion rates[15–19] and pro-
mote the rapid departure of bubbles.[20] Additionally, hydro-
gels exhibit excellent hygroscopicity properties which can be
attributed to their abundance of oxygen-containing functional
groups (─OH, ─COOH, etc.)[21,22] ensuring the moisture supply
and avoiding the adverse effects of poor water quality on catalytic
performance.
Selecting an appropriate photocatalyst is crucial for hydrogel-

based setups. Recently, modification involving the bonding of
photocatalysts with polymer molecules has drawn increasing
attentions.[23,24] Nie et al.[25] indicated that polydimethylsiloxane
can facilitate the formation of Ti-O-Si bonds between TiO2 and
BaTiO3 semiconductor particles, serving as a channel for effi-
cient charge carrier migration and subsequent effective charge
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Figure 1. Schematic diagram of the sulfur vacancy-rich ZnIn2S4 nanosheet hydrogel photocatalysis and triangular pyramidal Zn-O bonding structure
developed in this study.

separation. ZnIn2S4 shows promise due to its good activity,
stability and visible-light-absorption,[26–29] and the sulfur sites in
sulfides are regarded as active sites for the hydrogen evolution
reaction due to their lower hydrogen adsorption free energy. To
reduce the recombination of ZnIn2S4 photogenerated carriers
and improve photocatalytic activity, modification strategies in-
clude the co-catalysts integration,[30–32] heteroatom doping,[33,34]

and defects constructing[35,36] have been widely explored. Among
these, sulfur vacancies are especially effective in tuning electronic
properties, promoting charge separation, and enhancing surface
catalytic activity. Recent studies reveal that sulfur vacancies in
ZnIn2S4 nanosheets reduce hydrogen adsorption free energy and
enhance the adsorption and activation of reactants, significantly
boosting the performance of hydrogen evolution and other pho-
tocatalytic reactions.[37,38] Additionally, sulfur vacancies in mod-
ified ZnIn2S4 can induce polarization electric field and acceler-
ate the transfer kinetics of carriers from the bulk phase to the
surface redox sites, thereby improving the overall water splitting
performance.[39–41]

Recent literature emphasized the benefits of incorporating
hydrogels into photocatalytic systems, highlighting their abil-
ity to utilize the hygroscopic properties, structural adaptabil-
ity, and physical confinement effects help improve catalyst dis-
persion and water capture, suggesting a promising avenue to-
ward achieving efficient humidity-to-hydrogen conversion. Cur-
rent hydrogel-based photocatalyst systems mainly focus on pas-
sive physical interactions, such as embedding or coating, over-

looking the potential of optimizing the interactions between
the hydrogel and catalyst to further enhance photocatalytic
efficiency.
In contrast, this work introduces a rational interface en-

gineering strategy based on the formation of Zn-O coor-
dination bonds between the polymer chains and Sv-ZIS
nanosheets, focusing on constructing internal triangular pyra-
midal polymer-photocatalyst linkages, as shown in Figure 1.
Specifically, the Zn atoms near the sulfur vacancies form
a triangular pyramid of Zn-O coordination bonds with the
oxygen atoms of the carbonyl group in the PAM matrix.
This interfacial structure strengthens charge transfer, im-
proves polymer-catalyst coupling, and regulates the water mi-
croenvironment within the hydrogel. As a result, catalyti-
cally active intermediate water is selectively stabilized and
more effectively decomposed, contributing to enhanced hy-
drogen evolution efficiency. Our approach combines experi-
mental characterization with density functional theory (DFT)
and molecular dynamics (MD) simulations to elucidate the
critical role of pyramid-like bonds in exposing more ac-
tive sites, promotes the retention and activation of inter-
mediate water near the catalyst, and enhances the mechan-
ical stability of the composite hydrogel. This comprehen-
sive study provides fundamental understanding of the design
of bonding interactions of hydrogel-based photocatalytic sys-
tems, and offers practical insights for sustainable hydrogen
production.
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2. Results and Discussion

2.1. Structural and Compositional Analysis of Hydrogel-Based
Photocatalysts

First, Sv-ZIS nanosheets was successfully synthesized. As shown
in Figure S5a,b (Supporting Information), both Sv-ZIS and ZIS
samples exhibited a nanosheet morphology. The diameter of
Sv-ZIS nanosheets was significantly reduced due to the ad-
sorption of excess thioacetamide on the nanocrystals surface,
which inhibited further growth.[42] The smaller size of Sv-ZIS
nanosheets can lead to several advantages, including increased
surface area and better dispersion. TEM and AFM analyses con-
firmed that Sv-ZIS formed an ultrathin 2D layered structure with
a thickness of 1.26 nm (see supporting information for details,
Figure S5c–e, Supporting Information). To better understand
their photocatalytic performance, it is crucial to analyze the band
edge positions. The semiconductor band edge positions, vital
for photocatalytic reduction, were examined using Mott-Schottky
plots, VB-XPS, and optical band gaps Figure S6a–e (Supporting
Information).[43,44] The conduction band minimum of Sv-ZIS is
−1.243 V and a valence band maximum is 1.097 V, and these val-
ues of ZIS are −1.033 and 1.187 V, respectively. The optical band
gaps were estimated at 2.22 eV for ZIS and 2.34 eV for Sv-ZIS, in-
dicating a minor difference in bandgap. However, the more neg-
ative CBM of Sv-ZIS compared to ZIS enhances its reduction
capability, making it more effective for photocatalytic reduction
reactions.[45]

Furthermore, with the nanosheet catalysts, a photocatalytic
system using hygroscopic hydrogels polyacrylamide (PAM) was
developed. The schematic illustration of the hydrogelation pro-
cess was depicted in Figure 2a (see Figure S7, Supporting Infor-
mation for a more detailed process). Figure S8 (Supporting In-
formation) presents digital photographs of three hydrogel sam-
ples. The PAM hydrogel was transparent and colorless. The
Sv-ZIS/PAM hydrogel displayed a uniformly transparent yellow
color, while the ZIS/PAM hydrogel showed noticeable localized
aggregated yellow regions at the bottom. The micromorphology
surface structure of PAM, Sv-ZIS/PAM, and ZIS/PAM hydrogel
with the inner porous structure constituted by the 3D intercon-
nected network in Figure 2b–d. As shown in Figure 2e,f, the dried
hydrogel of PAM and Sv-ZIS both exhibited smooth surface, in-
dicating the Sv-ZIS were uniformly dispersed in PAM. The dried
hydrogel of ZIS/PAM surface was very rough in Figure 2g, in-
dicating the agglomeration of the polymer chain. The SEM-EDS
mapping also verifies the uniform distribution of elements for
Sv-ZIS/PAM in Figure 2h and Figure S9 (Supporting Informa-
tion). The occurrence of this phenomenon is attributed to the
interaction between the polymer chains and the catalyst during
the synthesis of the photocatalysts-based hydrogel composite. A
detailed discussion on this matter will be provided later in the
subsequent sections.
Figure 2i shows the XRD pattern of the samples. The diffrac-

tion peak at 2𝜃 = 21.5°, 27.5°, 30.5° and 47.3° can be assigned to
(006), (102), (104) and (110) crystallographic planes of hexagonal
Znln2S4 phase (PDF#65-2023). Compared to ZIS, the diffraction
peak intensity of Sv-ZIS slightly decreases due to the presence of
sulfur vacancies. The crystal structure of the hydrogel-based pho-
tocatalytic samples was investigated by XRD analysis after freeze-

drying. Sv-ZIS/PAM and ZIS/PAM exhibited distinct character-
istic peaks of both ZIS and PAM without other impurity peaks,
indicating the presence of ZIS and PAMphases in the complexes.
The slightly weaker characteristic of ZIS peaks in Sv-ZIS/PAM
was due to low catalyst content. Only two broad peaks can be ob-
served in PAM samples, due to its amorphous structure, which
lacks a characteristic Bragg peak.[46] A physical mixture of Sv-ZIS
and PAMwas used as a control experiment (Figure S10, Support-
ing Information). The results show that although the diffraction
peak positions of the composite sample and the physical mix-
ture are similar, the changes in peak intensity and the increase
in the amorphous background in the composite sample suggest
that Sv-ZIS is well dispersed within PAM. Besides, the simplic-
ity of preparation under ambient conditions suggests promising
prospects for the large-scale production and application of this
hydrogel photocatalyticmaterial, with a production cost of≈0.175
USD/g.
The surface compositions and chemical states of ZIS, Sv-

ZIS, PAM, ZIS/PAM, and Sv-ZIS/PAM were studied by X-ray
photoelectron spectroscopy (XPS), and the results are shown in
Figure 3. In the XPS survey spectra (Figure S11a, Supporting
Information), characteristic peaks corresponding to S, In, and
Zn from ZIS, as well as C, N, and O from PAM, were observed
in both ZIS/PAM and Sv-ZIS/PAM samples. No other elements
were detected, confirming the successful incorporation of these
components in the composite materials. For the spectrum of C
1s (Figure 3a), the peak at 284.8, 286.1, and 288.8 eV were as-
signed to the C─C, C─O─C and O─C═O in ZIS and Sv-ZIS,
respectively.[47] And the peak at 287.8 eV attributed to N─C═O
was also observed in the hydrogel samples.[48]

As mentioned before, the bonding interactions exited between
the catalyst and the polymer chains. The presence of S vacancies
in Sv-ZIS further enhanced its bonding with PAM, leading to op-
timal performance for Sv-ZIS/PAM. To better understand these
interactions and the impact of S vacancies in electron transfer,
we conducted a detailed XPS spectra analysis to elucidate the
underlying charge redistribution mechanisms. As presented in
Figure 3b, the 1 s spectrum of O in Sv-ZIS/PAM was deconvo-
luted into peaks of Zn-O, hydroxyl groups (OH−) and absorbed
H2O, locating at 530.1, 531.6, and 533.1 eV.

[34] In Figure 3c, the
spectrum of S 2p in the samples can be fitted to two peaks, at-
tributed to S2−. The binding energy of S 2p of Sv-ZIS (S 2p1/2:
162.82 eV, S 2p3/2:161.65 eV) shifted to lower energy compared to
ZIS (S 2p1/2: 162.99 eV, S 2p3/2: 161.78 eV), indicating increased
electron attraction due to its higher electronegativity during the
charge redistribution process induced by sulfur vacancies.[41] In
the ZIS/PAM sample, the S 2p peak exhibited a shift toward
lower binding energy compared to ZIS, attributed to the forma-
tion of Zn-O bonds. The electron density of the Zn atom is re-
duced and the charge was redistributed, thereby increasing the
electron density of S atoms. For Sv-ZIS/PAM compared to Sv-
ZIS, the S 2p peak of shifted to a higher binding energy, due
to the presence of Zn-O bonding. The sulfur vacancies enhance
the formation of Zn-O bond and lead to significant charge trans-
fer. These binding energy changes highlight the critical role of
PAM in regulating electron transfer and chemical bonding, with
this interaction being particularly pronounced in the presence of
sulfur vacancies.[49] Similar phenomenon was observed in Zn 2p
(Figure S11b, Supporting Information) and In 3d (Figure S11c,
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Figure 2. Characterization of hydrogel formation, morphology, and composition. a) Schematic route for hydrogelation. SEM of b,e) PAM, c,f) Sv-
ZIS/PAM, d,g) ZIS/PAM. h) EDS-mapping for Sv-ZIS/PAM. i) XRD patterns of samples.

Supporting Information) as well. Zn 2p exhibited a larger shift to-
ward lower binding energy (0.13 eV) compared to In 3d (0.05 eV).
The shift in Zn 2p toward lower binding energy was more pro-
nounced and closer to the 0.17 eV shift observed in S 2p, pro-
viding strong evidence that most sulfur vacancies are associated
with Zn atoms rather than In atoms.[50]

The X-ray absorption fine structure spectroscopy (XAFS) at Zn
K-edge was performed to further reveal the local atomic struc-
tures of the as-obtained samples, demonstrating the presence
of Zn-O coordination in Sv-ZIS/PAM, as shown in Figure 3d–f.

As shown in Figure 3d, the X-ray absorption near-edge struc-
ture (XANES) spectra of Zn K-edge manifest that the trend of
adsorption threshold position was ZnO>Sv-ZIS/PAM>Sv-ZIS>
Zn foil. Compared to Sv-ZIS, the pre-edge of Zn increased to a
higher energy in Sv-ZIS/PAM. This was due to the charge trans-
fer of Zn atoms due to Zn-O bonding, consistent with the XPS
analysis. Figure 3e presents the Fourier transform of the Zn K-
edge k3-weighted extended X-ray absorption fine structure (EX-
AFS) spectra, where the ZnO sample exhibited prominent peaks
corresponding to Zn-O and Zn-Zn coordination. In contrast, the
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Figure 3. Chemical environment and coordination structure analysis of catalysts in hydrogel composites. XPS spectra of samples: a) C 1s, b) O 1s,
c) S 2p. d) XANES spectra at Zn K-edge of samples, e) Fourier transform of the Zn K-edge EXAFS of samples, f) Wavelet transform plots of Zn K-edge
in Sv-ZIS/PAM.

Sv-ZIS sample primarily showed a peak indicative of Zn-S
bonding. The reduced intensity of the Zn-S peak in the Sv-
ZIS/PAM samples may be because of the PAM matrix, which
disturbs the coordination of Zn-S and alters its local structure.
Figure 3e exhibited the Fourier-transformed (EXAFS) spectra sig-
nals recorded for samples. From the EXAFS fitting results in
Table S2 (Supporting Information), the data confirmed the pres-
ence of Zn-O coordination in the Sv-ZIS/PAM sample. The low
coordination number and the weak intensity of the Zn-O peak
suggested that the Zn-O environment was more disordered than
Zn-S bonding, corresponding to disordered vacancy sites. The
weak Zn-O signal and low coordination number revealed that the
Zn-O interaction in Sv-ZIS/PAM was more likely to be a coordi-
nation bond than a covalent bond. Furthermore, wavelet trans-
form (WT) analysis was conducted to integrate the information
from both R-space and k-space. The contourmap of Sv-ZIS/PAM
revealed features in k-space located at≈3 and≈7Å−1, correspond-
ing to the Zn-O and Zn-S scattering paths, respectively, which
aligns with the FT-EXAFS results.
To better understand the interaction between the catalyst and

the hydrogel polymer chain, detailed computational and ex-

perimental analyses were conducted using density functional
theory (DFT). Figure 4a schematically illustrates the interac-
tion between ZIS/PAM and Sv-ZIS/PAM hydrogels. The in-
fluence of sulfur vacancies (Sv) on the charge distribution
was first investigated. The removal of S atoms from the (001)
crystal plane of ZIS facilitated the formation of stable Sv-ZIS
structures.[41] The structural models of ZIS and Sv-ZIS are
shown in Figure S13 (Supporting Information), which illus-
trates that ZIS has a nearly perfect hexagonal bilayer struc-
ture without any bond distortions (Figures S13a,b, Supporting
Information), whereas the presence of Sv significantly alters
the arrangement of neighboring atoms in the ZIS framework
(Figure S13c,d, Supporting Information). Charge density dis-
tributions reveal that the positive charge density of Zn atoms
near S vacancies is higher than that of other Zn atoms (Figure
S14a, Supporting Information). This facilitated bonding between
Zn atoms and N and O atoms of the polymer chains. The
charge density difference indicated a significant charge redis-
tribution in Sv-ZIS from Figure S14b (Supporting Informa-
tion), alongside a distinct electron-depleted region detected at
the sulfur vacancy sites. Zn atoms near the S vacancies transfer
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Figure 4. Integrated investigation of catalyst–polymer interactions and hydrogel performance. a) Schematic of polymer chains and catalyst interaction
for ZIS/PAM and Sv-ZIS/PAM hydrogel. Electron density difference plots for b) ZIS and c) Sv-ZIS with adsorbed acrylamide (charge accumulation and
depletion regions are represented in blue and yellow). d) FI-IR spectra, e) EPR spectra, and f) Strain-stress curves of samples.

electrons to adjacent sulfur atoms, consistent with XPS results.
Additionally, the smaller size of Sv-ZIS nanosheets provides
more pathways for mass transport when connected to polymer
chains.
To further explore the specific binding modes between cata-

lysts and acrylamide molecules during hydrogel formation, DFT
was used to evaluate adsorption configurations and energies of
acrylamide on ZIS and Sv-ZIS surfaces. Electrostatic potential
and Mulliken charge analysis of acrylamide (Figure S15, Sup-
porting Information) revealed potential adsorption sites. Struc-
tural models with multiple binding configurations (Figures S16
and S17, Supporting Information) show that both ZIS and Sv-
ZIS preferentially form Zn-O and Zn-N bonds with acrylamide.
The most stable configuration for both systems involves Zn–
O coordination, consistent with XPS and XAS results. Notably,
the adsorption energy of Sv-ZIS with acrylamide (−1.56 eV)
is significantly lower than that of ZIS (−0.999 eV), indicating
stronger interfacial binding in the Sv-ZIS/AM system. There-
fore, the preferential adsorption at sulfur vacancies in Sv-ZIS
ensured the adequate dispersion of AM on the catalyst sur-
face, avoiding hindrance to photocatalytic active sites. Mulliken
charge transfer analysis (Figure 4b,c) shows that acrylamide
gains 0.25e from Sv-ZIS, compared to only 0.16e from ZIS,

indicating stronger electronic coupling. Moreover, the polymer
chains also plays a crucial role in modulating the electron dis-
tribution on photocatalyst surface, facilitating the desorption of
H* adsorbed at the unsaturated sulfur sites after its reduction to
hydrogen.[51]

DFT calculations confirmed the preferential formation of Zn-
O bonds between the Zn atoms adjacent to sulfur vacancies and
the oxygen atoms in acrylamide amide groups. This prediction
was experimentally verified by FT-IR spectra (Figure 4d), where
a new absorption peak at 1033 cm−1 in Sv-ZIS/PAM hydrogel is
attributed to Zn-O-C bond formation.[52,53] This spectral feature
directly supports the DFT-predicted coordination structure and
highlights the specific chemical interaction between PAM and
Sv-ZIS via Zn-O linkages.
The Zn-O coordination predicted by DFT was further sup-

ported by EPR measurements (Figure 4e). Compared with ZIS,
Sv-ZIS exhibited a stronger EPR signal with a g value of 2.004 due
to the presence of unpaired electrons at sulfur vacancy sites.[42]

Notably, Sv-ZIS/PAM showed an even more pronounced signal,
driven by the charge compensation effect of Zn-O bonding with
oxygen in the amide groups.[54] This interaction redistributes
charge and stabilizes unpaired electrons, amplifying the sulfur
vacancy EPR signal. This experimental observation aligns with
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Figure 5. Photoelectrochemical and radical behavior characterization of hydrogel-based catalysts. a) Transient photocurrent response, b) EIS Nyquist
plots, c)Mott–Schottky (M–S) plots at 1000Hz, d) LSV curves, e) Tafel slope plots, and f) EPR spectra of TEMPO-e−.

the DFT-derived charge densitymaps showing electron depletion
near Zn-O coordination zones.
As supported by FT-IR and EPR results, the amide groups in

PAM can coordinate with Zn atoms in the catalyst, forming sta-
ble Zn-O bonds. To further clarify the role of Zn-O bonding in
mechanical performance, DFT calculations (Figure S18, Support-
ing Information) show that the optimal adsorption site lies in
the electron dissipation region around the Sv site. The optimized
configurations reveal that Zn atoms adjacent to sulfur vacan-
cies readily coordinate with oxygen atoms in the amide groups
of PAM, forming triangular-pyramidal Zn-O bonding structures.
This indicates dynamic coordination behavior under stress. DFT
further reveals that the triangular-pyramidal Zn-O bonds formed
near sulfur vacancies act as dynamic coordination cross-links
within the hydrogel network. As shown in Figure 4f, the me-
chanical properties of PAM hydrogels with ZIS and Sv-ZIS pho-
tocatalysts were significantly improved. The ZIS/PAM hydrogel
showed higher tensile strength, achieving a tensile stress of 89.7
kPa, with a tensile stress of 89.7 kPa, while the Sv-ZIS/PAM
hydrogel showed superior ductility, with a maximum strain of
643.42%. Besides, the untreated PAM has a maximum tensile
stress of only 23 kPa and the maximum tensile strain of only
312.8%. The significant increase in mechanical strength sug-
gested a bonding interaction between the catalyst and the hy-
drogel polymer chains. The enhanced tensile strength of the
ZIS/PAM hydrogel was also attributed to the aggregation of the
catalyst during the polymerization process, leading to entangle-
ment of the polymer chains around the catalyst, resulting in lo-
calized reinforcement of tensile strength. These multi-point Zn-
O bonds act as dynamic coordination cross-links within the hy-

drogel network. The triangular-pyramidal structure enables lo-
cal “slippage” or reorientation under external tensile force, effec-
tively dissipating stress and delaying fracture. This mechanism
explains the large increase in strain before breakage observed
in the stress-strain curves of Sv-ZIS/PAM. Thus, the synergis-
tic effect between sulfur vacancies and the amide groups not
only enhances interfacial bonding strength, as supported by DFT,
but also translates into improved flexibility and toughness at the
macroscopic level. In addition, we have now performed cyclic ten-
sile tests (Figure S19, Supporting Information) to assess the me-
chanical resilience of the Sv-ZIS/PAM composite. The hydrogel
retains its structural integrity and exhibits excellent reversibil-
ity after repeated stretching cycles, further confirming that the
introduction of sulfur vacancies improves not only the interfa-
cial bonding but also the mechanical durability of the composite
system.

2.2. Photoelectrochemical Properties

To elucidate the photoexcited charge separation and transfer, pho-
toelectrochemical measurements were performed, to certify the
critical role of the synergistic effect of acrylamide modification
and sulfur vacancies in promoting the photocatalytic efficiency.
As shown in Figure 5a, Sv-ZIS/PAM exhibited the highest pho-
tocurrent density than Sv-ZIS, ZIS, and ZIS/PAM, indicating
the fast photogenerated carrier separation.[55] Impedance spec-
troscopy (EIS) was used to characterize the charge transfer resis-
tance. A smaller arc radius corresponds to lower charge trans-
fer resistance, indicating more efficient charge transfer, which

Small 2025, e06127 © 2025 Wiley-VCH GmbHe06127 (7 of 14)
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contributes to enhancing photocatalytic efficiency. The Sv-
ZIS/PAM had the smallest radius arc observed in EIS, suggest-
ing the lowest charge transfer barrier in Sv-ZIS/PAM (Figure 5b).
The electrical equivalent circuit parameters for the sample’s
impedance data were listed in detail in Table S5 (Supporting In-
formation). Mott–Schottky plots of ZIS, Sv-ZIS, ZIS/PAM, and
Sv-ZIS/PAM at different frequencies were displayed in Figures
S6a,b and S20a,b (Supporting Information). MS curves with pos-
itive slopes can be identified as n-type semiconductors. Accord-
ing to Equation S6 (Supporting Information), the carrier density
of Sv-ZIS/PAM photocatalyst (3.35 × 1021 cm−3) was higher than
that of Sv-ZIS (1.13 × 1021 cm−3), ZIS (8.95 × 1020 cm−3) and
ZIS/PAM (1.38 × 1021 cm−3) from Figure 5c. The depletion width
(Wd)of Sv-ZIS/PAM was calculated that decreased exactly from
4.48 to 3.06 nm as calculated by Equation S7 (Supporting Infor-
mation). The results indicating Sv-ZIS/PAM accelerated the drift
of the photo-excited carrier, effectively suppressing the recombi-
nation within the depletion region.[56]

The linear sweep voltammetry (LSV) curves (Figure 5d) reveal
the electrocatalytic hydrogen evolution performance of the sam-
ples. Sv-ZIS/PAM exhibits the lowest onset potential (−1.21 V vs
RHE), indicating superior catalytic activity. Correspondingly, the
Tafel slope analysis (Figure 5e) shows that Sv-ZIS/PAM has the
smallest slope (417 mV dec−1), suggesting more favorable reac-
tion kinetics and lower overpotential requirements. In general, a
lower Tafel slope reflects faster hydrogen evolution kinetics.[57]

These results highlight the enhanced HER activity due to the
synergistic integration of Sv-ZIS with the polymer matrix. Based
on the above results, the hydrogel-based photocatalyst shows en-
hanced photogenerated charge carrier separation efficiency, re-
duced separation difficulty, and increased carrier concentration
compared to the pure photocatalyst. These improvements are at-
tributed to the Zn-O bonding between ZIS and PAM, which is
further strengthened by the presence of S vacancies in Sv-ZIS.
To further verify the influence of photogenerated electron be-

havior on photocatalytic activity, The electron signals of the pre-
pared samples under dark and light conditions were analyzed
by EPR using TEMPO as the trapping agent (Figure 5f).[58] All
samples show the same TEMPO signal intensity under dark con-
ditions, while the signal intensity of Sv-ZIS/PAM was signifi-
cantly weakest compared to the other samples after 10 min il-
lumination. This suggested that more photogenerated electrons
in Sv-ZIS/PAM participate in reducing TEMPO to TEMPOH.[59]

The results demonstrated that Sv-ZIS/PAMexhibits an enhanced
ability to generate photogenerated electrons under illumination,
followed by ZIS/PAM. Therefore, the synergistic effect of Zn-O
bonding and S vacancies promotes the utilization of photogen-
erated electron transfer, which can effectively facilitate photocat-
alytic hydrogen production through water splitting.

2.3. Harnessing Atmospheric Moisture for Hydrogen Production
Through Hygroscopic Hydrogel-Based Photocatalysis

Considering its hygroscopic and photocatalytic properties, the
prepared samples was employed to assess photocatalytic hydro-
gen production in an atmosphericmoisture environment. As can
be seen in the hydrogen production performance splitting water
vapor in Figure 6a, Sv-ZIS/PAM hydrogel exhibited the best pho-

tocatalytic hydrogen evolution performance in a water vapor en-
vironment, reaching 28.79 mmol/gcat/h, which is ≈120 times the
hydrogen evolution rate of ZIS powder (0.24 mmol/gcat/h). Addi-
tionally, the isothermal water adsorption curves of PAM and Sv-
ZIS/PAM at 25 °C (Figure 6b) show that the hydrogel maintains
similar hygroscopic capacity after catalyst incorporation, further
confirming its effectiveness in vapor-phase hydrogen production.
The apparent quantum efficiency (AQE) of Sv-ZIS/PAM was es-
timated using different band-pass filters, showing a high AQE
of 35.1% at 365 nm (Figure 6c), correlating well with its UV–vis
absorption spectrum, indicating predominant H2 generation via
photocatalysis. This enhancement is attributed to the combined
effects of the hydrogel network, hygroscopicity, and interaction
between the polymer chain and the catalyst in the Sv-ZIS/PAM
system. As a comparison, the physical mixture of Sv-ZIS and hy-
drogel shows a hydrogen evolution rate nearly identical to that of
pure Sv-ZIS, as presented in Figure S21a (Supporting Informa-
tion). The slight increase observed can be attributed to the hydro-
gel’s passivewater-retention ability, which helpsmaintain surface
moisture but lacks the interfacial bonding and charge modula-
tion present in the integrated composite.
To obtain a more comprehensive understanding of HER, the

Gibbs free energy change (ΔGH*) for H* adsorption over the sur-
face of ZIS, Sv-ZIS, ZIS/AM and Sv-ZIS/AM was assessed in
Figure 6d. Hydrogen adsorption approaches zero energy, indi-
cating low barriers for both adsorption and desorption.[60] The
free energy of hydrogen adsorption for Sv-ZIS/AM is found to
be 0.02 eV, indicating significantly more favorable H2 evolution
activity compared to ZIS (−1.09 eV), Sv-ZIS (−0.58 eV), and
ZIS/AM (−0.35 eV). This result is consistent with the reaction
kinetics revealed by electrochemical measurements, including
Tafel slope analysis and electrochemical impedance spectroscopy
(EIS). Sulfur vacancies modulate the electron distribution of ZIS,
thereby lowering the reaction energy barriers for H* adsorption
on S andH2 desorption. Polymeric chainmolecules play a similar
role in regulating the electron distribution of ZIS. This suggests
that the synergistic effect of acrylamide modification and sulfur
vacancies can effectively modulate the electronic structure of ZIS
and optimize the Gibbs free energy of the HER reaction, leading
to excellent photocatalytic H2 evolution activity.
Notably, the network regulation effect of Sv-ZIS/PAM hy-

drogel was more pronounced in a water vapor environ-
ment (28.79 mmol/gcat/h) compared to liquid water (10.636
mmol/gcat/h), exhibiting a 2.71-fold increase. The main reason
is that the integration of the photocatalyst with the hydrogel en-
hances the catalyst’s water molecule adsorption capacity, as the
efficiency of the water decomposition depends on the amount of
adsorbed water molecule layers, thereby boosting hydrogen pro-
duction performance.
Furthermore, modulating the crosslinker content was the eas-

iest way to adjust the hydrogel network structure, thereby con-
trolling the adsorption of water molecules by catalysts on the
polymer chains. In moisture environment, modulating the hy-
drogel network had a significant enhancement on the hydrogen
production performance of the catalyst. The hydrogen produc-
tion performance initially increased and then decreased with the
rising crosslinking agent concentration, reaching its peak at an
addition amount of 0.0045 g, with a hydrogen production rate of
28.79 mmol/gcat/h (Figure S22, Supporting Information). As a
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Figure 6. Hydrogen production from harvesting moisture via hygroscopic hydrogel-based photocatalysis under 100 mW cm−2 illumination. a) The com-
parison of photocatalytic water vapor splitting performance of samples. b) Water adsorption isotherm of PAM and Sv-ZIS/PAM at 25 °C. c) Wavelength
dependence of the apparent quantum efficiency (AQE) for Sv-ZIS/PAM. d) ΔGH* for HER over the surface of ZIS, Sv-ZIS, ZIS/AM, and Sv-ZIS/AM. e)
Water absorption isotherms of the Sv-ZIS/PAM with a crosslinker amount of 0.0045g at 15, 25, 35, and 45 °C during 3 h. f) The comparison of reference
studies on photocatalytic water vapor splitting performance.

control, we tested the hydrogen production of Sv-ZIS/PAM hy-
drogels in water with various crosslinker content. The results
showed that the crosslinker concentration had minimal effect
on hydrogen production in water (Figure S23, Supporting In-
formation), which can be attributed to the limited effect of ad-
justing the hydrogel’s network structure on the water layers ad-
hering to the catalysts on the polymer chains in water. Addition-
ally, the thickness of the hydrogel affects the transfer of mois-
ture within the gel after hygroscopicity and the diffusion of hy-
drogen gas production. Excessive thickness can impede hydro-
gen gas diffusion, while being too thin results in pronounced de-
hydration under illumination. Through testing, we determined
the optimal thickness to be 2 mm (Figure S24, Supporting
Information).
The effects of reaction temperature and humidity conditions

were also investigated. The temperature and humidity in the re-
actor reached 30 °C and 44.6% RH quickly within 30 min of illu-
mination (Figure S25, Supporting Information), and slow growth
(T: 30+3.9 °C, RH: 44.6 + 7.4%) for the 3 h reaction under il-
lumination, which was enough for Sv-ZIS/PAM to collect wa-
ter from the reactor according to the water adsorption curve. As
shown in Figure 6e, at low humidity (lower than 30%), the ab-
sorbed water was less than 0.1 g/ggel. However, as the RH is in-
creased above 50%, the saturated water uptake increases signif-
icantly. The increase in temperature enhanced the thermal mo-
tion of water molecules and accelerated the desorption of water
molecules from the hydrogel, thereby reducing the water con-
tent within the hydrogel. Compared to recent photocatalytic hy-
drogen production systems that utilize water vapor or moisture,

this work demonstrates significantly better hydrogen production
performance than most systems (Figure 6f).[8,11,12,61–65]

Furthermore, the synthesis method of the hydrogel, the cat-
alyst loading, and the photocatalytic performance in liquid wa-
ter were also investigated. In hydrogel synthesis methods, re-
dox initiation demonstrated superior efficacy in polymerization
initiation, followed by thermal initiation, with photoinitiation
exhibiting the least effectiveness owing to radical occupancy
of active sites (Figure S26, Supporting Information). The pre-
pared powder photocatalysts and hydrogel photocatalysts were
tested for photocatalytic hydrogen production in water. Sv-ZIS
nanosheets showed the higher H2 generation efficiency (2.190
mmol/gcat/h), which was significantly better than that of ZIS
(1.089 mmol/gcat/h) (Figure S27a, Supporting Information). The
improved performance of Sv-ZIS can be attributed to the capture
of photogenerated charge by the S vacancy and the modulation
of the electronic structure. The Sv-ZIS/PAM hydrogels displayed
a noteworthy H2 evolution rate (10.636 mmol/gcat/h), marking
a 2.24-fold increase compared to ZIS/PAM (4.739 mmol/gcat/h).
Optimal catalyst loading enables maximal utilization of interac-
tion with the polymer chains. Excessive loading, however, results
in an abundance of binding sites, leading to polymer chain short-
ening and catalyst stacking (Figure S27b, Supporting Informa-
tion). In addition, Sv-ZIS/PAM exhibited excellent stability after
more than 30 h (Figure S27c, Supporting Information), suggest-
ing its potential for sustained photocatalytic performance.
To expand the application for simultaneous indoor humidity

control and hydrogen production, the sealed reactor was tested
with LED light instead of solar illumination. The temperature,

Small 2025, e06127 © 2025 Wiley-VCH GmbHe06127 (9 of 14)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202506127 by H
O

N
G

 K
O

N
G

 PO
L

Y
T

E
C

H
N

IC
 U

N
IV

E
R

SIT
Y

 H
U

N
G

 H
O

M
 - E

A
L

0000776, W
iley O

nline L
ibrary on [14/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.small-journal.com


www.advancedsciencenews.com www.small-journal.com

Figure 7. Dehumidification properties. The temperature, relative humidity, and moisture content changes by placing the PAM hydrogel a) and Sv-
ZIS/PAM hydrogel b) into the seal reactor with an initial relative humidity of 75% for 24h, including 12 h LED light illumination; c) The photograph of
photocatalytic water vapor splitting and dehumidification system. d) The hydrogen generated through the photocatalytic dehumidification cycle operation
of Sv-ZIS/PAM.

relative humidity, and moisture content changes by placing two
hydrogel pieces (≈2 g) of the PAM hydrogel (Figure 7a) or Sv-
ZIS/PAM hydrogel (Figure 7b) into a 0.5 L seal reactor with an
initial relative humidity of 75% for 24h. The LED lamp emits light
in the visible spectrum range of 400–750nm, resulting in min-
imal heat generation. The relative humidity and moisture con-
tent of the PAM hydrogel without photocatalyst were almost un-
changed at the same temperature before and after light exposure
(Figure 7a), while the relative humidity of the Sv-ZIS/PAM sam-
ple decreased from 70.6 to 66.7% and the moisture content de-
creased from 14.03 to 13.21 g kg−1 (Figure 7b). And hydrogen
production reached 27 μmol after 12 h of LED light illumina-
tion, matching the amount of consumed moisture in Figure 7c.
Cyclic testing over 4 days revealed no significant performance de-
creased in Figure 7d, which signifies its exceptional performance
even under low light power density. When compared to the hy-
drogel without photocatalyst, the hydrogel with photocatalyst ex-
hibits a lesser increase in ambient temperature and a greater in-
crease in humidity. This can be attributed to the ability of the
Sv-ZIS catalyst to absorb visible light, facilitating evaporation of
water absorbed by the hydrogel resulting in environmental cool-
ing. This also suggested its potential for indoor dehumidification
applications. The XPS spectra (Figure S28, Supporting Informa-

tion) reveal no significant change in the chemical states of Zn,
In, S, O, and C after cycling, confirming that the electronic en-
vironment of key elements remains stable. Meanwhile, the SEM
images and EDSmapping (Figure S29, Supporting Information)
demonstrate that the porous hydrogel structure and nanosheet
morphology are well preserved, with no obvious aggregation or
collapse. The uniform elemental distribution also supports that
the catalyst remains evenly dispersed in the matrix. These results
together verify that the Sv-ZIS/PAM maintains both chemical
and morphological stability after repeated photocatalytic cycles,
supporting its long-term durability.

2.4. Molecular Dynamics Investigation of the Impact of Adsorbed
Moisture Distribution on Water Splitting

The hydrogel is a 3D network composed of polymeric chains.
The moisture adsorbed in hydrogels was categorized into three
states based on its distance from the polymer chain: free water
(FW), intermediate water (IW), and bound water (BW). To de-
termine which type of water in the hydrogel decomposes prefer-
entially, a molecular dynamics (MD) simulation was performed
to compare the interaction energies of water with the hydrogel
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polymer chains. The results showed water molecules in the IW
layer were more readily decomposed, and the decomposition dif-
ficulty of individual water molecules in the FW and IW layers
remained similar across different degrees of cross-linking. This
was investigated by first constructing simulation models where
water molecules were unevenly distributed in the pores formed
by the polymer chains (snapshots of the model are shown in
Figure S30a–c, Supporting Information). We then calculated the
total and average interaction energies between water molecules
in each layer and the polymer chains under varying cross-linker
concentrations (Figure S30d,e, Supporting Information). Addi-
tionally, Figure S31 (Supporting Information) shows hydrogel
models with different cross-linker contents but the same water
content. The average interaction between a single watermolecule
in the IW layer and the polymer chains was slightly larger than
that in FW layer, while the average interaction between a sin-
gle water molecule and the polymer chains was notably higher
in the BW layer than that in IW and FW. The slight differ-
ence in interaction energy between IW and FW under various
cross-linking degree implies similar decomposition challenges
for a single water molecule in both layers. Consequently, water
molecules in the IW layer experience interactions from both adja-
cent layers. This intermediate positioning likely places the IWwa-
ter molecules in a relatively active state, thereby facilitating their
decomposition.[66]

To gain molecular-level insights into how the pyramidal Zn–O
structure regulates water distribution in hydrogels and enhances
catalytic activity, we conductedmolecular dynamics (MD) simula-
tions. The results revealed the pyramidal structure of Sv-ZIS en-
hances water retention and bonding with polymer chains, signif-
icantly influencing polymer chain extension and water distribu-
tion within the hydrogel. Using a hydrogel model with 10%water
content under 0.0045 g crosslinker (Figure 8a–c), the RDF curves
(Figure 8d,e) further support this observation: Sv-ZIS/PAM ex-
hibits stronger polymer–water interactions, particularly at short
distances, suggesting a more optimized water network struc-
ture. The coordination number (CN) analysis shows that water
molecules near N andO atoms in PAMhave an average coordina-
tion number close to 1 at short distances, corresponding to tightly
bound water in the first hydration shell. In contrast, at longer dis-
tances associated with IW and FW, the coordination number in-
creases to ≈2.5–4, indicating that water in these regions is less
structured and less likely to form full fourfold coordination, con-
sistent with intermediate water. This confirms the accuracy of the
water-state segmentation and highlights that the Zn-O pyramidal
coordination enhances the proportion of such catalytically rele-
vant IW. The radius of gyration (Rg) values were also larger for
Sv-ZIS/PAM (Figure 8f), indicating that the polymer chain exten-
sion in Sv-ZIS/PAM was superior to that in ZIS/PAM and PAM.
Further MD simulations at higher water content (50%) (Figure
S32, Supporting Information) revealed consistent trends. In the
ZIS/PAM, polymer chains interact directly with Zn atoms on the
ZIS catalyst without specific binding sites, allowing the chains to
extend over the surface. However, the pyramid structure formed
by Zn atoms near sulfur vacancies facilitated stronger interac-
tions with polymer chains, resulting in more extensive chain ex-
tension. Figure 8g provides a schematic illustration of the water
molecule distribution near the catalyst interface, showing that in-
termediate water (IW) is most likely to reside closest to the active

sites on the catalyst. This spatial configuration is key to its reac-
tivity.
To unravel the underlying mechanism by which the catalyst

affects the water state distribution within the hydrogel, low-field
nuclear magnetic resonance (LF-NMR) and differential scanning
calorimetry (DSC) were employed to analyze PAM, ZIS/PAM,
and Sv-ZIS/PAM systems. The goal was to determine how the in-
troduction of Zn-O coordination bonds between the catalyst and
PAM influences the formation and confinement of IW. As shown
in Figure 8h, the T2 relaxation profiles obtained from LF-NMR
clearly distinguish three types of wate.[67–69] In PAM hydrogel,
FW dominates, while BW and IW are present in smaller propor-
tions, indicating relatively weak confinement of water molecules
by the polymer matrix. Upon incorporation of ZIS (without sul-
fur vacancies), IW content increases modestly due to physical ad-
sorption of water on the catalyst surface. However, due to the
abundance of surface adsorption sites and the tendency of ZIS
with PAM chains to aggregate, the interfacial structure lacks uni-
formity, limiting further transformation of water into IW.
In contrast, the Sv-ZIS/PAM composite exhibits a significantly

higher proportion of IW and a corresponding reduction in FW,
while BWremains nearly unchanged. This shift inwater state dis-
tribution can be attributed to the formation of Zn-O coordination
bonds between the PAM chains and the Zn atoms exposed at sul-
fur vacancy sites. This coordination interaction strengthens the
interface between the polymer and catalyst, creating a confined
environment that effectively regulates water molecule dynamics.
As a result, more water molecules adopt an intermediate state—
loosely associated with the matrix, dynamically responsive, and
more reactive in interfacial photocatalytic processes. This inter-
pretation is strongly supported by DSC analysis (Figure S33, Sup-
porting Information). The pure PAM shows a sharp endothermic
melting peak near 0 °C with relatively high enthalpy, correspond-
ing to the presence of abundant freezable FW.[70,71] In ZIS/PAM,
the melting peak slightly shifts toward lower temperatures, indi-
cating a partial transition of FW into weakly bound water. How-
ever, Sv-ZIS/PAM exhibits a broadened and further downshifted
melting peak with much lower enthalpy, suggesting that a sub-
stantial portion of water exists in non-freezable or intermediate
forms. This behavior indicates stronger interactions between wa-
ter and the composite network, due to both the polymer and the
coordinated catalyst surface.
In summary, the introduction of Zn-O coordination not only

improves catalyst dispersion and inhibits aggregation but also
leads to a favorable redistribution of water molecules, increasing
the proportion of IW. This creates a dynamic water environment
conducive to efficient interfacial charge transport and reaction
kinetics in atmospheric water harvesting and photocatalysis ap-
plications.

3. Conclusion

This study proposes a novel strategy for green hydrogen produc-
tion directly from ambient humidity by engineering a triangular-
pyramid Zn-O bonding configuration between PAM hydrogel
and Sv-ZIS nanosheets. The innovative structure harnesses the
synergistic properties of polymer matrices and sulfur vacancy-
rich catalysts. By tailoring the polymer-catalyst interface, the
design achieves enhanced charge dynamics, efficient reactant
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Figure 8. Comprehensive analysis of hydrogel–photocatalyst interactions. The trajectory snapshot of different photocatalyst in the hydrogel model
containing 10% water content under 0.0045 g crosslinker: a) PAM, b)ZIS/PAM, c) Sv-ZIS/PAM. d) RDF: Opolymer−Owater; e) RDF: Npolymer−Owater;
f) Radius of Gyration (Rg) of Polyacrylamide Hydrogels containing different photocatalysts as a function of simulation time. g) Schematic illustrating
that intermediate water (IW) is preferentially distributed near the catalyst within the hydrogel network. h) The relaxation time spectrum of LF-NMR and
i) the proportion of the three water (BW, IW, FW) based on the corresponding peak areas.

and product transport, and stable hydrogen evolution perfor-
mance under diverse outdoor and indoor conditions, overcom-
ing the limitations in conventional water-based photocatalytic
systems.
DFT and Molecular dynamics simulations, along with charac-

terizations, reveal that the triangular-pyramid configuration op-
timizes moisture adsorption and utilization and reduces hydro-
gen desorption energy to 0.02 eV, thereby significantly improv-
ing hydrogen evolution reaction (HER) activity. This engineered
structure increases water binding sites, promotes polymer chain
extension, and improves the ratio of bound to intermediate wa-
ter molecules, facilitating efficient moisture-to-hydrogen conver-
sion. Additionally, this structure reinforces the hydrogel’s tensile
strength and system stability, ensuring durability in long-term
applications.

Under ambient conditions (≈30 °C, 50% RH) with
100 mW cm−2 irradiance, the system achieves a hydrogen
evolution rate of 28.79 mmol/gcat/h, accompanied by an appar-
ent quantum efficiency of 35.1% at 365 nm. Under low-intensity
LED illumination (≈10 mW cm−2), the system demonstrates
effective dehumidification capabilities, reducing humidity by
0.82 g kg−1 in a closed reactor, further highlighting its suitability
for indoor applications. Moreover, the scalable, mild in situ poly-
merization process ensures compatibility with industrial-scale
production, paving the way for broad practical implementations.
This study highlights the promising potential of polymer-

catalyst bonding structures in exploiting atmospheric humid-
ity for hydrogen production. By addressing critical challenges
in moisture adsorption, charge separation, and catalytic activity,
it provides a reliable framework for advancing humidity-driven
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hydrogen production technologies and contributes to the devel-
opment of practical sustainable energy solutions.

4. Experimental Section
Materials: InCl3·4H2O, thioacetamide, Acrylamide, N,N′-

methylenebis(acrylamide) and N,N-tetramethylenediamine were pur-
chased from Shanghai Macklin Co., Ltd. H2PtCl6·6H2O was purchased
from Sinopharm Chemical Reagent Co., Ltd. Zn(CH3COO)2·2H2O, potas-
sium persulfate and triethanolamine were purchased from Shanghai
Runjie Chemical Reagent Co., Ltd. All chemicals were used as received
without further treatment.

Fabrication of Sv-ZIS Photocatalysts: Zn(CH3COO)2·2H2O (1.5 mmol)
and InCl3·4H2O (3mmol) was dissolved in 250mL deionized water. Then,
8 and 6 mmol thioacetamide was added into the above solution after vig-
orous stirring 30 min to synthesis Sv-ZIS and ZIS, respectively. Next, the
mixed solution was maintained stirring at 95 °C for 5 h. The pre-samples
were obtained by collecting the solid by centrifugation followed by wash-
ing with deionized water for twice. After that, the obtained samples were
dispersed into deionized water with sonication for each 30min, and subse-
quently large aggregates were removed by centrifugation for 5 min at 6000
rpm until the upper liquid becomes clear. Finally, the colloidal nanosheets
were obtained, and the concentration of nanosheets was ca.1mgmL−1. To
verify the exact solid content in solution, 50 mL of solution was taken and
freeze-dried, and the solid sample obtained was weighed and calculated.

Fabrication of PAM, ZIS/PAM, and Sv-ZIS/PAM Hydrogels: PAM,
ZIS/PAM, and Sv-ZIS/PAM hydrogels were prepared by the radical poly-
merization. The prepared photocatalyst underwent a polymerization re-
action with monomers, initiated by various methods including thermal
initiation, photo initiation, and redox initiation. Since no specific initia-
tion method was mentioned in the text, it indicates that the gel prepara-
tion proceeded via redox initiation. When photoinitiated, no crosslinker
needs to be added, and the polymerization process was carried out us-
ing LED light for 5 h. The photocatalytic nanosheets can serve as both
crosslinkers and photoinitiators.[72] When thermally initiated, no acceler-
ators needs to be added, and the polymerization was conducted at 70 °C
for 5 h. The monomer acrylamide (AM, 0.5 g) were dissolved in water (5-x
mL), Sv-ZIS nanosheets suspension was then added (x mL). The cross-
linker N,N′-methylenebis(acrylamide) (BIS, 0.0045 g), potassium persul-
fate (KPS, 0.005 g) and 20 μL N,N-tetramethylenediamine (TEMED) were
subsequently added into the above suspension. The polymerization was
performed at 25 °C for 12 h in dark. Finally, the hydrogel washed with
deionized water to remove the unreacted monomers, cross-linker and ini-
tiator. The obtained sample was referred to as Sv-ZIS/PAM. The catalyst
obtained by adding different amounts of Sv-ZIS suspension was denoted
as x-Sv-ZIS/PAM. The sample Sv-ZIS/PAM marked in this work indicated
that the added amount was 3 mL. And the ZIS/PAM hydrogel was pre-
pared similarly to the above procedure. The preparation of PAM hydrogel
was similar to the procedure described above, except that AM was dis-
solved in water (5 mL).

Photocatalytic H2 Production: Photocatalytic H2 production reaction
was carried out in an automatic online trace gas analysis system (Labso-
lar 6A, Beijing Perfectlight Technology Co., Ltd) connected to a gas chro-
matograph instrument (GC9790II, Fuli, TCD with Ar as the carrier gas,
5 Å molecular sieve column) and kept at 5 °C, 5.3 kPa during the reac-
tion. The light source was a 300 W Xenon arc lamp (PLS-SXE300D, AM
1.5G, 100 mW cm−2, Beijing Perfectlight Technology Co., Ltd) equipped
with liquid infra-red filter to remove large amounts of heat. The intensity
of the light wasmeasured by a full-spectrum strong light optical powerme-
ter (OHSP-350 UV, Hopoocolor, China). The corresponding Xenon lamp
spectra is shown in Figure S34a (Supporting Information). Measurements
of the powder were performed in water, while those of hydrogel-supported
ZIS were performed in water. For the measurements of the powder, 50 mg
photocatalyst was dispersed in 100 mL aqueous solution containing 10
mL triethanolamine (TEOA) and H2PtCl6·6H2O (165 μL, 4 g L−1, Pt corre-
sponding to 0.5% of the mass of photocatalyst) with a continuous stirring
process. Gas chromatography was employed to determine the amount of

produced H2. Cycling photocatalytic tests were conducted using the same
procedure after collecting and washing the samples with water. Photo-
graph of the automatic online trace gas analysis system was displayed in
Figure S35 (Supporting Information).

Due to its hygroscopic and photocatalytic properties, the hybrid Sv-
ZIS/PAMhydrogel was utilized for evaluating photocatalytic hydrogen pro-
duction in a water vapor environment. The Sv-ZIS/PAM hydrogel, having
undergone the photodeposition Pt process, was cleaned, dried, and po-
sitioned on the sand core glass triangle shelf ≈6 cm above the reactor’s
bottom. Subsequently, 50 mL of water was introduced into the reactor as
a humid air environment for photoreaction process. The reactor was con-
nected to a circulating cooling water system to keep at 25 °C during the
reaction. Gas chromatography was employed to determine the amount of
produced H2.

Synchronous Hydrogen Production and Dehumidification Experiments for
Indoor Environment: The hybrid Sv-ZIS/PAM hydrogel used was identical
to that employed in the water vapor hydrogen production, with the excep-
tion that two hydrogel pieces were placed in a sealed 500 mL container
under initial conditions (T: ≈24°C, ≈70%). As a control, a gel without the
addition of a catalyst underwent the same testing procedures. Before in-
troducing the hydrogel into the sealed reactor, it underwent exposure to at-
mospheric conditions for water absorption until saturation was achieved.
This step was crucial in ensuring that the observed changes in humidity
within the tube were not attributed to any additional capture by the hy-
drogel. The LED daylight (30 W, 2400 lux, 10 mW cm−2) as the indoor
light source and the corresponding spectra was displayed in Figure S34b
(Supporting Information). And Ar was blown into the water to adjust the
humidity and remove the air. Temperature and humidity sensor were used
to record the changes of temperature and humidity in the reactor, and the
produced gas was injected into the gas chromatograph with gas syringe
for gas analysis.

Characterizations, Molecular Dynamics Simulation, and DFT Calculations:
The details can be found in the Supporting Information.
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Supporting Information is available from the Wiley Online Library or from
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