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ARTICLE INFO ABSTRACT

Editor name: Removing specific environmental and harmful contaminants presents a significant technological challenge.
While zeolitic imidazolate framework-8 (ZIF-8) in powder form has excellent gas adsorption capacity and sta-
bility, developing an eco-friendly method to effectively incorporate the ZIF-8 powder into flexible substrates is
crucial for its practical applications. Herein, we propose a solid-state method to prepare self-sacrificial ZnO
template, and then convert the template into ZIF-8 coating on fabrics in an ambient aqueous solution. The
randomly aligned ZnO nanorods on fabric surfaces serve as both sacrificial templates and nucleation sites, and
the solid-liquid interfacial coordination between Zn?" released from ZnO and 2-methylimidazole aqueous so-
lution enabled rapid formation of a dense ZIF-8 intergrown coating with tunable size and loading content. The
mechanism of the transformation from solid precursor to crystalline ZIF-8 coating was inferred. The coated
fabrics featured outstanding stability and easy processability. Furthermore, the porous fabric showed high
adsorption capability, stability and recyclability for ammonia. This inexpensive, controllable and scalable
method for synthesizing ZIF-8 coatings in an ambient aqueous solution offers a feasible route for the applications
of human health and environmental sustainability.
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1. Introduction methylimidazole (2-MIM) in a suitable solvent and crystallizes in a so-

dalite structure [17,18]. Conventional solvothermal methods for the

In recent years, the environmental and health risks associated with
harmful gases have attracted significant global attention, driving the
development of high-performance gas adsorbent materials such as
metal-organic frameworks (MOFs) [1-7]. Among these materials,
zeolitic imidazolate framework-8 (ZIF-8) has demonstrated exceptional
gas adsorption potential owing to its high specific surface area, micro-
porous structure and excellent chemical stability [8,9]. However, uti-
lizing ZIF-8 in powder form remains difficult due to its poor
processability and tendency to agglomerate. Developing a controllable
and eco-friendly method to integrate ZIF-8 powder effectively into
flexible substrates is crucial for practical applications. [10-12]. Flexible
fabric substrates, featuring a porous structure, inherent breathability,
and wearability advantages, have emerged as an ideal platform for
functional integration of ZIF-8 [11,13-16].

ZIF-8 is formed by the combination of a Zn?' source with 2-

* Corresponding authors.

direct solution synthesis of ZIF-8 on fabric surfaces face multiple chal-
lenges, such as insufficient crystal nucleation sites leading to low
loading efficiency, inhomogeneous crystal distribution, and weak
interfacial bonding [19,20]. Some researchers have introduced reactive
functional groups (e.g., carboxyl groups) onto substrate surfaces to
provide more nucleation sites [14,21]. However, this chemical modifi-
cation of a substrate involves a complex process, and even after modi-
fication, the mass loading capacity still remains relatively low.
Existing improvement strategies focus on the utility of a pre-
fabricated ZnO or Zn-based solid precursor as a sacrificial template
and a Zn?* source for in-situ ZIF-8 formation [15,17,19,22]. In the first
step, there are various methods to prepare ZnO or Zn-based solid pre-
cursor on the surface of substrate, such as atomic layer deposition (ALD)
[23,24], sol-gel coating [25] and hydrothermal method [19,26], which
are typically applied on inorganic substrates. Actually, ALD represents a
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high-cost thin-film deposition technique that requires expensive pre-
cursors, high-vacuum equipment, and extended deposition times, and
the thin ZnO film results in low ZIF-8 loading after conversion [24].
Regarding Zn-based sol-gel coating, it is difficult to apply the gel evenly
on the substrate surface. Moreover, the subsequent conversion into ZIF-8
requires an autoclave and high-temperature, high-pressure conditions to
facilitate vapor deposition [25]. The hydrothermal method for prepar-
ing ZnO coating is typically completed in the Teflon-lined stainless-steel
autoclave and involves high temperatures and long reaction times
[19,20,26-28]. Therefore, these high-energy methods that require harsh
conditions are typically restricted to inorganic substrates, which limits
their application to fabrics. In the second step of the conversion of ZnO
to ZIF-8, most solution synthesis methods require large amounts of
organic solvents such as methanol [29,30], ethanol [15] and N, N-
dimethylformamide (DMF) [22,26], making them environmentally un-
friendly. Besides solution synthesis of ZIF-8 coating, mechanochemical
coating without solvent is also used, which includes roll-to-roll hot-
pressing process and ball milling [31,32]. However, these mechano-
chemical methods involve heat and pressure, which results in high en-
ergy consumption, and is not suitable for practical production.

In this study, we propose a solid-state method to prepare self-
sacrificial ZnO template, and then convert the template into ZIF-8
coating on fabrics in an ambient aqueous solution. ZnO nanorods grew
evenly on the surface of fabrics through regulating the liquid precursor
concentration, which served as a template for the solid precursor and
subsequent nucleation site for controlled ZIF-8 growth. When the ZnO
coated fabric material was treated with the linker, a rapid coordination
reaction occurred at the interfacial layer between the solid precursor
and the ligand solution to form amorphous precursor intermediates,
which subsequently transformed into the dense ZIF-8 crystals with
controllable size and content. The mechanical strength, laundering
durability, moisture permeability and hydrophobicity character of large-
scaled ZIF-8-loaded fabrics were systematically evaluated. Furthermore,
a series of fabrics coated with ZIF-8 were engineered to systematically
investigate their adsorption capacity and kinetic toward representative
harmful gases, including ammiona (NHs), acetic acid (CH:COOH) and
carbon dioxide (CO2) gaseous compounds.

2. Experimental section
2.1. Materials

A cotton fabric with an areal density of 277 g m™~2, a polyester fabric
with an areal density of 200 g m ™2 and a flax fabric with an areal density
of 154 g m~2 were provided by China Dye Ltd., Hong Kong. Zinc acetate
dihydrate (>99.0%), 2-methylimidazole (>99.0%), methanol (>99.8%)
and ethanol (>99.8%) were purchased from Dieckmann.

2.2. Preparations of self-sacrificial ZnO templating

Ten pieces of cotton fabrics (5 cm x 5 cm) were immersed in 100 mL
of a zinc acetate dihydrate aqueous solution with a weight concentration
of 5, 10, 20 and 30% for 2 h. After the removal from the bath solution,
the fabrics were rolled through a laboratory padder at a nip pressure of
4 kg cm™2 with a rotation speed of 5 rpm for two cycles to remove excess
liquid and make the remaining liquid more uniform. Then dried at
130 °C for 2 h to form the ZnO coated fabrics. After washing with
deionized water, the ZnO coated fabrics were dried in air at room
temperature.

2.3. Fabrication of ZIF-8 coating on the cotton textile

The ZnO coated cotton fabric samples were immersed in 100 mL of a
2 M 2-MIM water solution for 4 h. Then solution and textiles were
washed by water and methanol for four times using centrifuge at 10000
rpm. Then the ZIF-8 coating textiles and ZIF-8 powders were dried in air
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at room temperature.

2.4. Characterization

The morphologies and microstructures of the samples were exam-
ined using a TESCAN MAIA3 field emission scanning electron micro-
scope (SEM) on gold sputter coated samples. Energy dispersive X-ray
analysis (EDS) was also carried out along with SEM. Powder X-ray
diffraction (PXRD) was recorded in the reflection mode in the angular
range of 5-40° (20) with a scanning speed of 5°/min by using an X-ray
diffractometer (Rigaku SmartLab 9 kW-Advance), and the wavelength of
the Cu Ka radiation source was 1.54 A. Attenuated total reflectance
Fourier transform infrared (ATR-FTIR) spectra of all samples were
recorded using Bruker, ALPHA Germany spectrometer in the range from
550 to 4000 cm ™! at 4 cm ™! resolution and 16 scans. Thermogravimetric
analyses (TGA) were performed on TGA8000 from 30 °C to 800 °C with
a heating rate of 10 °C min ! in air atmosphere. Scienta Omicron X-ray
photoelectron spectroscopy (XPS) was used to examine the surface
chemistry using monochromatic aluminum K-rays with photon energies
of 1486.7 eV. The breaking strength and elongation of the textile sam-
ples along the longitudinal and latitudinal direction were tested ac-
cording to a grab test method [ASTM D5034-09 (2017)] on a tensile
strength tester (Instron 4411). Five replicates were tested for the
breaking strength and breaking elongation, and the average values were
reported. Static water contact angles (WCA) were measure, and data was
acquired for a 5 s period after initial impingement. Water vapor
permeability testing was done using a modified BS7209 method. Wash
durability was evaluated at 50 °C with the equivalent of 4 g/500 mL ECE
Phosphate Reference Detergent (SDC Type 3) in water for 40 min in a
Launder-O-meter (Atlas, USA). Nitrogen (N3) adsorption-desorption
isotherms and Brunauer-Emmett-Teller (BET) surface area data were
collected on Micromeritics ASAP 2020 Micropore Analyzer at 77 K, and
carbon dioxide (CO,) adsorption-desorption isotherms were recorded at
298 K.

2.5. Gas adsorption and kinetic adsorption models

Dynamic monitoring of acetic acid and ammonia adsorption was
carried out in an air-tight odor detection system with a determined
volume (12 pL) of acetic acid and ammonia solution for the samples (2.0
g). To transparently define the environmental tolerance of our com-
posite, we clarify that all adsorption and stability tests were conducted
under challenging ambient conditions (25 °C and 63% relative humid-
ity). The concentration of adsorbed gas onto adsorbent at any time (q)
was calculated by Eq. 1.

(Co—Cp)V
q: = M (€8]
where Cy and C; are the initial concentration (mg-L’l) and real-time
concentration (mg-L™1) of gas, respectively, g, is the real-time concen-
tration of gas adsorbed onto adsorbents, which is also called as the
adsorption capacity (mg-g~1), V is the volume of the sample chamber
(4.5 L), and M is the mass of adsorbents used for each test (2.0 g).

Adsorption kinetics provide important parameters such as adsorp-
tion rate constants to assess adsorption mechanisms and efficiency while
predicting experimental results. The adsorption process typically
involved three sequential stages: external mass transfer, intra-particle
diffusion, and adsorption reaction. Diffusion dynamics were analyzed
using Dunwald-Wagner (D—W) and Weber-Morris (W-M) models, while
pseudo-first-order (PFO) and pseudo-second-order (PSO) kinetic models
described the reaction mechanism [33,34].

The D—W model is presented by Eq. 2 and 3.

k

log(1—F?) = ~3303¢
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where k is the diffusion rate constant (min’l), which can be obtained by
plotting log (1-F?) against t. q; (mg-g~!) and g, (mg-g™1) are the odor
adsorption quantity of samples at contact time and at equilibrium,
respectively. F is the odor removal percent calculated by g;/qe.

The W-M model is commonly applied to describe the intraparticle
diffusion process which was presented by Eq. 4.

g = kat'* +C Q)

where kiq (mg-g~!-min"'/?) is the intra-particle diffusion rate constant, C
is the boundary layer thickness. The rate constant kjq and C can be ob-
tained by plotting q; against /2.

The PFO model is presented by Eq. 5.
In(q. - q:) = Inge —kut 5)

where ge (mg-g™Y) is the equilibrium adsorption quantity obtained by
PFO model. The rate constant (k) is the PFO rate constant (min~1). k1
and q. were calculated from the slope and intercept of the plot of In
(ge—qy) against t.

The PSO model is presented by Eq. 6 and 7.

t 1 t

t_ 4+t 6
a k2q2 q. ©

hy = kag? @)

where g, (mg-g™1) is the equilibrium adsorption quantity calculated by
PSO model. k; is the PSO rate constant (g-mgl-min‘l), which is used to
describe the rate of adsorption equilibrium. The equilibrium adsorption
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quantity (qe) and the rate constant (k) can be calculated from the slope
and intercept of the plot of t/q; versus t.

3. Results and discussion
3.1. Fabrication of ZIF-8 coated fabrics via self-sacrificial ZnO templating

To fabricate the ZIF-8 coated fabric through ZnO self-templating, a
ZnO layer was initially deposited on the fabric by immersing it in zinc
acetate dihydrate (Zn(CH3COO)3) aqueous solution followed by thermal
treatment. This ZnO layer subsequently served as both structural tem-
plate and zinc precursor for the room-temperature aqueous conversion
to ZIF-8 through ligand exchange (Fig. 1a). During the crystallization
process, 2-MIM interacted with the ZnO layer and substituted the
organic chains to form more stable ZIF-8 crystals (Fig. 1b). SEM analysis
revealed distinct morphological evolution: pristine cotton fabrics exhibit
smooth surfaces (Fig. 1c, left), while ZnO-deposited fabrics show dense
arrays of rod-like nanostructures (Fig. 1c, center). Subsequent aqueous
conversion yielded a continuous ZIF-8 coating comprising intergrown
nanocrystals with uniform morphology and intimate substrate adhesion
(Fig. 1c, right and S1d).

Compared with current synthesis route, our ambient aqueous syn-
thesis represented an inexpensive and environmentally friendly
approach. The process avoids the use of large complex equipment,
expensive precursor, high-temperature or high-pressure conditions and
organic solvents, making it more environmentally friendly and highly
practical. By immersing the fabric in Zn(CH3COO); aqueous solution
followed by thermal treatment, ZnO nanorods were uniformly generated
on the surface of fabric, and overcame traditional limitations of het-
erogeneous nucleation and low loading content on polymeric substrates.
This strategy utilizes ZnO nanorod-coated fabrics as dual-function
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Fig. 1. ZIF-8 coated cotton fabrics from self-sacrificial ZnO templating and application for harmful gas adsorption. (a) Schematic of ZIF-8 coating formation process.
(b) Schematic illustration and crystalline structure of ZnO and ZIF-8. Zn, O, C and N atoms are depicted in yellow, red, grey and blue, respectively. H atoms are not
presented for clarity. (¢c) SEM images of fibrous substrate, ZnO self-template prepared with Zn(CH3COO), concentration of 20 wt% and corresponded synthesized ZIF-
8 coating. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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templates, which simultaneously provide self-supplied zinc precursors
through a solid-state conversion and self-sacrificial template of struc-
tural guidance for crystal growth. The template-directed synthesis offers
three significant advantages: (1) enhanced interfacial adhesion through
ZnO-guided coordination, (2) simplified single-step synthesis elimi-
nating external zinc sources, and (3) enhanced structural controllability
through template-directed growth to facilitate uniform ZIF-8 crystals
formation. The resulting composites demonstrated excellent crystalline
integrity of coating while maintaining textile flexibility, which estab-
lishes a solid foundation for subsequent gas adsorption performance
evaluation.
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3.2. Control of ZIF-8 coating fabrication through precursor concentration
regulation

The influence of Zn(CHsCOO): precursor concentration (5, 10, 20,
and 30 wt%) on ZnO template formation was systematically investi-
gated. During thermal treatment at 130 °C for 2 h, ZnO layer formation
preferentially occurred at the fabric-precursor interface through thermal
decomposition (Fig. 2a). SEM revealed that ZnO layers exhibited a
nanorod structure, with increasing precursor concentration inducing
size reduction and layer densification (Fig. 2c and S1a). The morphology
of ZnO nanorod prepared through solid-state conversion method was

Formation of
ZIF-8 coating

¥ ZIF8 crystal
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Fig. 2. (a) Schematic illustration of the preparation of the ZIF-8 coating on the cotton fabric and (b) the regulating the content and size of ZIF-8 by controlling the
concentration of Zn(CH3COO),. The concentration of Zn(CH3COO), from left to right was 5, 10, 20 and 30 wt%. SEM images of ZnO@cotton fabric (c) and
ZIF8@cotton fabric (d). (e) The particle size statistical charts of corresponded ZIF-8 crystals on fabric.
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effectively controlled by precursor concentration, reaction duration and
temperature [35-37], and higher precursor concentrations resulted in
densely packed nanostructured assemblies in our study (Fig. 2b). PXRD
showed the diffraction peaks correspond to (100), (002) and (101) from
ZnO@cotton fabric (precursor concentration of 20 wt% Zn?%), which
match in both position and relative intensity with the hexagonal ZnO
standard (JCPDS 36-1451) (Fig. 3a). Therefore, the ZnO layer composed
predominantly of randomly oriented ZnO nanorods, possibly imbedded
in or associated with the cotton substrate (Fig. 2a and Slc).

Notably, the sacrificial ZnO layer was used to deliver the Zn*" ions
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for initiation and support of ZIF-8 growth. The successful transformation
from the ZnO layer to the ZIF-8 layer was carried out by immersion of
the ZnO-coated substrates into the 2-MIM (linker component) aqueous
solution at 25 °C for 4 h. Complete ZnO-to-ZIF-8 conversion was verified
by 1) PXRD peak transitions (no characteristic peaks of Zn(CH3COO)s,
and ZnO reflections replaced by ZIF-8 characteristic peaks at 7.5° (110),
10.4° (200), 12.8° (211)) (Fig. 3a and S3c), 2) FTIR spectral evolution
(disappearance of ZnO-associated OH (3000-3500 em™!) and C=0
(1545 cm™) vibrations, emergence of ZIF-8 characteristic peaks: C=N
(1590 em™Y), imidazolate ring bending (759-995 em™Y) [15,25]
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(Fig. S3a), 3) XPS analysis confirming Zn—N coordination (~1.3 eV
positive shift in Zn 2ps/2> and 2p+/2) and ligand incorporation (new C-N/
C=N bonds) [14] (Figs. S4 and 5).

Furthermore, TGA quantitatively revealed the concentration-
dependent mass loading evolution from ZnO to ZIF-8 coatings while
assessing their thermal stability. Pristine cotton substrates exhibited
characteristic degradation profiles: 1) initial 2.6 + 0.5% mass loss below
100 °C from moisture evaporation, and 2) large 96.7 + 0.8% mass loss
between 330 and 500 °C due to cellulose pyrolysis, ultimately leaving
negligible residue (0.7 + 0.1%) (Fig. 3b). ZnO-coated fabrics demon-
strated exceptional thermal stability with <1% mass loss up to 800 °C,
enabling precise ZnO quantification (11.02 to 23.63 wt%) proportional
to precursor concentration (5 to 30 wt% Zn2+) (Fig. S6). The ZIF-
8@cotton system showed distinct thermal behavior, with complete
framework decomposition above 550 °C ultimately yielding ZnO resi-
dues under the air atmosphere. Through stoichiometric analysis, the
effective ZIF-8 loading increased from 8.71 to 20.83 wt% with rising
precursor concentration (Fig. 3b and c), corroborated by progressive
XRD peak intensification ((110) reflection) and FTIR signal enhance-
ment (C=N vibration intensity) (Figs. S3b and d). Solvent selection
critically influenced ZnO templating efficiency and subsequent ZIF-8
loading. Although alcoholic solutions (methanol/ethanol) produced
continuous ZIF-8 coatings with ~50 nm crystallites, they achieved only
1.5 £ 0.3 wt% loading (Figs. S9 and 10). This limitation may be due to
the reduced zinc acetate solubility in alcohols, and incomplete ZnO
formation during drying. This templating approach has been success-
fully extended to diverse fabric substrates (e.g., flax and polyester), all
yielding ZIF-8 coated fabrics with comparable efficacy, which effec-
tively validates the methodology's general applicability (Figs. S8 and
11).

In addition to the mass loading regulation, systematic modulation of
Zn2" precursor concentration enabled precise control over ZIF-8 crystal
morphology and dimensions. Increasing Zn(CH3COO), concentration in
the steeping solution induced an obvious reduction in ZnO nanorod
dimension while enhancing the denser layered structure (Fig. 2¢ and
Sla). Subsequent conversion in 2-MIM aqueous solution revealed an
inverse relationship between ZIF-8 crystal size and precursor concen-
tration (Fig. 2d and S1b). Notably, the ZIF-8 content increased from 8.71
to 20.83 wt% loading (Fig. 3c) at 5 to 30 wt% Zn2", while the average
ZIF-8 crystal size decreased from ~238 nm to ~50 nm (Fig. 2e and S7).
The denser ZnO nanostructure with higher surface area promoted
dissolution in the slightly alkaline 2-MIM solution (pH 8-9), releasing
Zn?* jons and creating a high-concentration microenvironment, which
accelerated Zn?*-2-MIM coordination and increasing ZIF-8 nucleation
density. It can be concluded that the nucleation and growth of the ZIF-8
crystals are both restricted to the structure of ZnO self-sacrificing tem-
plate. By regulating the Zn(CH3COO), concentration, the nucleation
density of ZnO can be precisely controlled, which in turn determined the
availability of zinc sources and reaction sites for ZIF-8 synthesis. This
template-directed hierarchical architecture, where the primary nano-
structure (ZnO) governs the secondary phase (ZIF-8), facilitates the
fabrication of multifunctional fabrics with tunable surface properties.

3.3. Crystalline transition from ZnO to ZIF-8 through amorphous
precursor intermediates

To study the ZnO-to-ZIF-8 transformation mechanism, we conducted
time-resolved characterization of cotton fabrics immersed in 2-MIM
aqueous solution using time-dependent SEM, PXRD and ATR-FTIR.
SEM images revealed that small crystals with diameters below 100 nm
and some microparticles with diameters about 500 nm formed on the
substrate surface after 5 min of treatment in the 2-MIM solution. And
after 10 min, the microparticles disappeared, leaving only small crystals
on the surface (Fig. 3d). The PXRD pattern (Fig. 3f) showed that there
were no distinct characteristic peaks of ZIF-8 after 5 min immersion.
However, the FTIR spectra (Fig. 3e) showed obvious C—N and C=N
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stretching vibration (1148 and 1590 cm’l), which means that the 2-
MIM ligands begin to coordinate with Zn?*. Therefore, combined with
the results of PXRD and FTIR at 5 min immersion, the ZnO nanorod
completely dissolved to release Zn?*, and 2-MIM quickly coordinated
with Zn?* on the surface, which suggested the amorphous precursor
formation. In fact, amorphous intermediate phases are often observed
and integral to the crystalline process of ZIF-8 [38,39]. Recently,
combining harmonic light scattering and static nuclear magnetic reso-
nance (NMR), Dor et.al [40] have captured the crystallization mecha-
nism of ZIF-8 in unprecedented detail. ZIF-8 nucleation fundamentally
relies on an amorphous-to-crystalline transformation, transitioning from
aggregated and ligand-rich prenucleation clusters to charge neutral
amorphous precursors particles that ultimately crystallize. In the tran-
sient phase, Zn’t-2 MIM complexes were observed in small nano-
aggregates through static 'H NMR. Our time-dependent PXRD (loss of
crystallinity) and FTIR (emergence of Zn—N coordination bands) ob-
servations at 5 min align perfectly with the macroscopic signatures of
this intermediate phase as reported in these fundamental studies.

Then, with prolonged immersion (10 min), the ZIF-8 characteristic
peaks in the PXRD appeared and there were many small and uniform
crystals on the surface in the SEM image, as a result of ZIF-8 nuclei
formation. The ZIF-8 peaks in the PXRD pattern became stronger and
sharper with increasing reaction time confirming the continuous growth
of the ZIF-8 crystals. Finally, crystals with a stable diameter of approx-
imately 50 nm formed after 60 min of reaction because of the exhaustion
of the Zn?" precursor (Fig. 3d and g). The results indicate that both
precursor concentration and reaction time significantly influence the
ZIF-8 mass loading and crystal size on the fabric. As shown in Fig. 3d and
f, crystals grow progressively over time, with noticeable differences in
size and loading observed between 30 min and 60 min. Growth
approached completion after 60 min, justifying the selection of a 2-h
reaction time. Importantly, the time-dependent PXRD analysis (Fig. 3a
and f) reveals that the phase transition from ZnO to ZIF-8 proceeds with
exceptionally high conversion. According to the methodological
framework established by Kwon et al. [41], this is likely due to the high
aspect ratio of the Zn template we employed and the sufficiently high
ligand concentration, which prevent partial conversion on the surface
and allow complete penetration of 2-MIM. Compared with other bulky
or agglomerated solid zinc sources (which often leave residual cores),
our ZnO nanorod strategy not only guarantees high phase conversion
but also provides robust interfacial adhesion to the textile substrate,
which ensure the mechanical durability of the final composite.

3.4. Manufacturing feasibility and stability optimization of ZIF-8 loaded
fabrics

This facile and cost-effective synthetic strategy offers an environ-
mentally friendly approach owing to its operation under room temper-
ature conditions utilizing water as a green solvent alternative to
conventional methanol or ethanol. Furthermore, this method exhibits
high precursor conversion efficiency and shows promise for further
scale-up. Its mild conditions could contribute to lower energy use and
reduced waste. Fig. S12c shows cotton fabric samples measuring 15 cm
x 25 cm with varied ZIF-8 mass loadings. Moreover, we successfully
scaled up the preparation to 0.8 m x 0.8 m fabric (Fig. S15a). Powder
XRD pattern (Fig. S15e) confirmed the successful preparation, TGA
curve (Fig. S15d) showed a mass loading content of 18 wt%, and SEM
images (Fig. S15b and c) revealed a dense ZIF-8 intergrown coating,
which demonstrating the manufacturing feasibility of this aqueous route
at a practical size. However, the transition from batch immersion to
continuous manufacturing will require solutions for kinetic control and
large-area uniformity. This work provides an eco-friendly foundation,
but further engineering is needed to realize industrial application.

The enhanced hydrophobicity of ZIF-8 loaded fabrics, particularly
with reduced particle sizes, arises from synergistic surface roughness
effects and intrinsic hydrophobic structure of conjugated imidazolate
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rings [42] [43]. Smaller ZIF-8 particles enabled denser fiber coverage
and lower coating defect density, forming continuous hydrophobic
barriers as evidenced by water contact angles increasing from 92° to
131° (Fig. 4c). Despite the ambient synthesis and subsequent drying at
130 °C, the coated fabrics successfully retained over 90% of their pris-
tine breaking strength and elongation at break in both the longitudinal
(Fig. 4d) and latitudinal (Fig. S12e) directions, demonstrating the
exceptional mechanical stability of the composite.

Moisture management capabilities were preserved with water vapor
transmission rates (WVTR) showing only 8.2 + 0.5% reduction, con-
firming the non-occlusive nature of the microporous coating (Fig. 4b).
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Although the in-situ growth strategy effectively eliminates the inhala-
tion risk of physical MOF shedding, the application of Zn-based MOFs in
personal protective equipment still necessitates careful consideration of
chemical degradation when exposure to physiological humidity or sweat
[44]. Washing durability tests revealed 3 wt% mass loss after acceler-
ated laundering (equivalent to three standard domestic wash cycles
(Fig. 4a)) with TGA confirming (Fig. S12d). Despite some loss of coating,
it is noteworthy that the intergrown ZIF-8 crystal layer remained largely
unaffected, as evidenced by SEM images (Fig. S12b). This observation
demonstrated the structural and morphological stability of the ZIF-8
coated fabrics, mainly attributed to the strong interfacial interactions
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Fig. 4. (a) The comparison of loading content of ZIF-8 crystal before and after the washing. The insets are the SEM images ZIF-8@cotton fabric before and after the
washing. (b) Water vapor transmission rates values of the samples. (c) Contact angle photograph of corresponded samples. (d) Load-elongation curves of cotton and
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between constituent phases, which suggests potential for extended ser-
vice life in applications requiring repeated mechanical/chemical stress
resistance.

3.5. Harmful gas adsorption properties of ZIF-8 loaded fabrics

MOF-incorporated composite fabrics have emerged as next-
generation solutions for harmful gas mitigation, demonstrating poten-
tial applications ranging from personal protective equipment to gas
purification systems [3,45,46]. Nitrogen adsorption at 77 K revealed the
porous characteristics of both ZIF-8 powder and composite fabrics
(Fig. 4e and S13a). Enhanced precursor concentrations resulted in
increased ZIF-8 loading and reduced crystal size, leading to greater
porosity in coated fabrics. The Brunauer-Emmett-Teller (BET) surface
area of ZIF-8 powder increased from 882.8 to 1021.8 m?/g with higher
precursor concentrations, while composite materials showed a corre-
sponding increase from 70.5 to 210.9 m?/g (Fig. 4f). Notably, when
normalized by ZIF-8 mass loading, the calculated BET surface area of the
ZIF-8 component ranged from 808.5 to 1012.4 m?/g, consistent with
values obtained for ZIF-8 powder synthesized from aqueous Zn?* pre-
cursor solutions.

The microporous structure of ZIF-8 enables CO2 adsorption through
Langmuir-type binding sites which can be replaced by CO2 molecules
[8]. This prompted investigation of ZIF-8@cotton composites for CO:
capture. Complete CO: adsorption isotherms at 298 K up to 1 bar
demonstrated that pure ZIF-8 powder achieved exceptional gas uptake
(26.8 to 30.5 cma/g at 1 bar), while ZIF-8@cotton composites main-
tained significant adsorption capacity (2.9 to 5.6 cm®/g at 1 bar), con-
firming accessible active sites in the composite system (Fig. S13b and c).
Cyclic adsorption-desorption testing of five cycles revealed fully
reversible CO: adsorption with negligible capacity loss (Fig. S13d).

Ammonia and acetic acid are representative harmful gases that have
raised widespread public concern due to their detrimental effects
[12,45,47-49]. Owing to its facile synthesis, low cost, and exceptional
ammonia stability derived from nitrogen-donor linkers, ZIF-8 is posi-
tioned as an ideal material for ammonia adsorption [50,51]. And the
microporous structure of ZIF-8 also provide enough active Langmuir-
type bonding sites for the adsorption of acetic acid [52]. Dynamic
adsorption studies of ammonia and acetic acid in sealed systems at room
temperature and pressure (RTP) demonstrated superior performance of
ZIF-8 composites (Fig. S13e and f) [33,34,53]. Ammonia concentration
decreased to near-zero levels within 120 min for composites with
optimal ZIF-8 loading (20.8 wt%), compared to residual 15.2 mg/L for
pure cotton. The 20.8 wt% ZIF-8@cotton fabric exhibited the fastest
adsorption kinetics and highest ammonia uptake. The enhanced gas
adsorption performance may be attributed to a synergistic effect from
optimized precursor concentration: higher mass loading provides more
active sites, smaller crystal size minimizes diffusion resistance, and
continuous coverage ensures maximal contact. To decouple crystal size
from mass loading, we synthesized control samples with identical
loading (~8 wt%) but different crystal sizes. By substituting water with
methanol during in-situ growth, we altered nucleation kinetics to obtain
ultra-small ZIF-8 crystals (~60 nm) without changing the final loading,
which were compared against larger crystals (~238 nm) at the same 8
wt%. Ammonia adsorption curves (Fig. S16) show that the ~60 nm
sample exhibits significantly higher capacity than the ~238 nm sample.
This decoupled comparison definitively proves that, independent of
mass loading, reducing crystal size inherently enhances adsorption
performance by increasing the effective surface area. In addition, acetic
acid adsorption showed slightly reduced efficiency, with final concen-
trations reaching 16.8 mg/L versus 53.2 mg/L for untreated cotton. The
adsorption quantity (q;) of ammonia and acetic acid onto the samples
with contact time (t) was shown in Fig. 4g and S13g. It can be observed
that ZIF-8 coated cotton fabrics has better ammonia adsorption quantity
than acetic acid (3.3 mg/g vs. 2.5 mg/g as for 20.8 wt% ZIF-8 coated
cotton). Therefore, we choose the ammonia adsorption to further study
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the corresponded adsorption kinetic.

Adsorption kinetics for ammonia on the original cotton and ZIF-8
coated cotton was studied to predict equilibrium adsorption capacity
for odor control. Given rapid gas circulation eliminated mass transfer
effects, two diffusion models (Dumwald-Wagner and Weber-Morris) and
two reaction models (Pseudo-first-order and Pseudo-second-order) were
applied to analyze adsorption mechanisms [33]. Fig. 4i and S13h shows
the diffusion kinetic model (D—W model and W-M model) plot, and
Fig. 4j and S13i shows the reaction kinetic model (PFO model and PSO
model) plot for ammonia removal with five fabrics under the same
condition. Adsorption kinetics of ammonia on five fabrics revealed
distinct mechanisms across time ranges. In the initial 20 min, diffusion
models (D—W and W-M) dominated (higher R2), indicating intraparticle
diffusion control. Beyond 20 min, R? for diffusion models declined,
while the PFO and PSO model showed superior fit, suggesting adsorp-
tion shifted to surface site occupation. As shown in Table S1, calculated
equilibrium capacities (g cq) from PFO closely matched experimental
values (ge.exp)- Initial adsorption rates (h2) increased with the increase of
loading content of ZIF-8, implying 20.8 wt% ZIF-8 coated cotton fabric
had the most active binding sites for ammonia [34,54].

Results of PXRD pattern and FTIR spectra of ZIF-8 coated cotton
fabric before and after ammonia adsorption are shown in Fig. 4k and 1.
The PXRD and FTIR spectra before and after ammonia adsorption
exhibited no significant changes in characteristic peaks, and no new
peaks emerged, indicating the absence of chemical adsorption. How-
ever, prolonged exposure in ammonia (beyond 8 h) may cause sub-
stantial structural degradation of the ZIF-8 framework [51,55].
Although the long-term structural degradation is an undeniable physi-
cochemical reality, the ZIF-8 framework exhibits sufficient robustness
for short-to-medium-term capture within our designed operational
window (2 h). Therefore, explore advanced surface passivation strate-
gies to enhance the ultra-long-term stability of ZIF-8 under continuous
ammonia exposure will be a key focus of our subsequent research.
Furthermore, the regeneration performance of the 16 wt% ZIF-8 coated
fabric was systematically evaluated over 10 consecutive cycles.
Following each adsorption experiment, the sample was fully desorbed
and regenerated in a vacuum oven at 100 °C for 4 h. As depicted in
Fig. 4h, the composite retained 90% of its initial capacity after the 10th
cycle. The slight decrease in capacity results from the strong interactions
between ammonia and ZIF-8 framework, which partially weakened
metal/ligand bonds at its exposed surface, and inevitably leading to
partial structural degradation of the framework during repeated thermal
and chemical cycling [51]. And the adsorption curves for ammonia and
acetic acid were measured on the 20.8 wt% ZIF-8 coated cotton fabric
sample before and after washing. As shown in Fig. S14, its gas adsorp-
tion capacity remained virtually unchanged following the washing
process. While this dynamic adsorption results provide a fundamental
feasibility for the capture of harmful gases, translating this material into
practical protective equipment will necessitate further rigorous evalu-
ations, including breakthrough testing and competitive multi-gas envi-
ronments, which will be the focus of our future studies.

4. Conclusion

A facile, scalable, and ambient aqueous synthesis method was
developed to fabricate continuous ZIF-8 coated fabrics at an ambient
temperature, advancing the performance of MOF-based flexible com-
posite in harmful gas adsorption. Firstly, we have proposed a scalable
approach on the preparation of ZIF-8 coating, which includes a solid-
state method to prepare a self-sacrificial ZnO template, and then con-
verts the template to ZIF-8 coating through ambient aqueous synthesis.
By precisely regulating Zn(CH3COO); concentrations, we achieved
controlled growth of randomly aligned ZnO nanorods array on fabric
surfaces, which subsequently served as both sacrificial metal sources
and structural templates for ZIF-8 crystallization. After the synthesis in
the 2-MIM aqueous solution at room temperature, dense ZIF-8 coatings
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with tunable crystal sizes (238 to 50 nm) and loading contents (8.7 to
20.8 wt%) were formed, which demonstrated a controllable preparation
process. ZIF-8 coated fabrics on various substrates (such as flax and
polyester) were also produced through this approach, demonstrating its
broad applicability. This method eliminated harsh conditions and
organic solvents, and overcame traditional limitations of heterogeneous
nucleation and low loading content on polymeric substrates. Secondly,
we have carried out an investigation into the mechanism of this green
synthesis route. The crystalline transition from ZnO to ZIF-8 through
amorphous precursor intermediates after immersing into the ligand so-
lution. Finally, we have investigated the stability and gas adsorption
properties of the materials. The prepared large-scaled samples revealed
good mechanical strength, laundering durability, and moisture perme-
ability. Gas adsorption experiments demonstrated excellent removal
efficiencies for NHs (3.3 mg/g at RTP), CHsCOOH (2.5 mg/g at RTP) and
CO:2 (5.6 cm>/g at 1 bar) contaminants through active binding sites. This
approach offers a sustainable route that incorporates MOF coating on
fabrics, and the resulting fabrics exhibit promising functionality for
human health and environmental sustainability, especially for personal
protective equipment, where efficient adsorption of harmful gases is
essential.
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